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IDEPARTMENT OF THE ARMY

HEADQJAPTERS US ARMY AVIATION MATERIEL LABORATORIES

FORT EISTIS. VIRGINIA 23604

This report.- ppepe.d.tq_ Boeing-Vortol Division under the terms
of Contract DAAJ02-68-C-0038. 1I0presents the engineering concepts
and preliminary design of an integral helicopter cargo restraint
system that wsy be incorporated in present or future helicopters.

Candidate cargo restraint systems and energy absorber concepts were
formulated and evaluated both qualitatively and quantitatively to
met crash survivability design objectives. A theoretical analysis
of restraint fittings, cargo floor, and fuselage frame of a CH-47
helicopter was conducted to ascertain their :ocpatibility with
dynamic loads.

The object of this contractual effort was to achieve a more effective
cargo restraint system which would limit cargo movement in all di-
rections by energy absorption in order to prevent injuries to crewmen
or passengers in a potentially survivable crash,,,,

In general, the design solution in this program is sound and reasonable.

The conclusions contained herein are concurred in by this command.

I
0.



VProject 1F162203A254
Contract DAAJO2-68-C-0038

USAAVLABS Technical Report 69-68
October 1969

INTEGRAL HELICOPTER CARGO RESTRAINT SYSTEM

Final Report

By

Joseph frin
Albert kusso

William T. Reichardt

Prepared by

The Boeing Company, Vertol Division
Philadelphia, Pennsylvania

for

U. S. ARMY AVIATION MATERIEL LABORATORIES
FORT EUSTIS, VIRGINIA

This document is subject to special export controls, and
each transmittal to foreign governments or foreign nationals
may be made only with prior approval of US Army Aviaticn
Materiel Laboratories, Fort Eustis, Virginia 23604.' !\ Kp



SUMMARY

The purpose of this study is to formulate an effective cargo
restraint system for the present CH-47 helicopter, and, as

0applicable, for new helicopter design. The restraint system
will incorporate an energy absorption concepc as an integral
part of the helicopter structure, and is to be capable of
restraint in all directions to prevent injuries to crew or
passengers in a potentially survivable crash. This is accom-i plished by the following;

1. Reviewing related cargo restraint technology pertinent
to energy absorbing (or dissipating) materials and
devices, accident, survivability data, and Vietnam cargo
tiedown experience.

2. Formulating design criteria, in order to meet design
objectives, consisting of dynamic (and static) load
factors at the 90th percentile level of survivability and
a combat crash survivability tiedownenvelo-e using min-
imum restraint techniques.

3. Conducting a dynamic analysis of the CH-47 cargo support-
ing structure to determine its capability to restrain
cargo during survivable crash conditions.

4. Formulating candidate cargo load-attenuating restraint
systems for integral helicopter use.

5. Evaluating candidate cargo restraint systems and energy
absorber concepts, both qualitatively and quantitatively.

6. Comparing existing Army restraint systems, experimental
5,000-pound (SK) and 10,000-pound (10K) capacity load-
limiter systems, and the candidate load-limiter systems
on a yardstick of correct restraint methods. The com-
parison included a system-effectiveness evaluation and a
determination of crash survivability levels for both
standard technical manual tierown procedures (Figure 1)
and combat operations (Figure 2).

The restraint system recommended for the CH-47 helicopter con-
sists of 7,500-pound (7.5K) capacity load-limiting energy
absorbers and low,-elastic cargo tiedown devices. The energy
absorbers are tube-ball type, capable of an 8-inch stroke,
and are to be permanently installed in the aiLframe under the

*floor. To insure an improvement in crash survivability and
a decrease in potential fatalities, it is further recommended
that correct tiedown procedures be practiced and stressed in
the field.~I
Preliminary design of a retrofit kit for the proposed restraint
system is completed, and cargo load attenuation concepts for
future aircraft design are discussed.
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FOREWORD

Development of the integral helicopter cargo restraint system
described in this report was performed by the Vertol Division
of The Boeing Company, under Contract DAAJ02-68--C-0938, Project
1F162203A254, for the U.S. Army Aviation Materiel Laboratories

(USAAVLABS), Fort Eustis, Virginia.

The developmental work was conducted in three phases, eachphase being contingent upon the approval of the Contracting

Officer: Phase I, Technology Review and System Definition;
Phase II, Analysis and System Selection; and Phase III,
Preliminary Design.

The authors gratefully acknowledge the guidance and assistance
of Max Bryan and Jules Vichness of USAAVLABS, and David F.
Thompson of Boeing. Manufacturers listed in the front of the
;:port supplied useful information about restraint equipment.
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1. INTRODUCTION

The goal of this contract is to devise an energy abs orpticn
system that may be incorporated in present or future heli-'

*copters for the restraint of cargo dering crash events. Con-,
tract design objectives are listed in Section 3.1.

A helicopter cargo restraint system must prohibit cargo move-
ment in all directions in order to prevent injuries to crewq or
passengers in a potentially survivable crash. Field experience
with present-day restraint systems has indicated that &, need
exists for improved cargo restraint efficiency and safety.

Recent pre, ams conducted by the Army have demonstrated -that
improvements in helicopter cargo restraint efficienicy (reduced
tiedown and release times) and safety are possible through the
use of systems designed to absorb dynamic forces exper'ience&
during survivable -,rash conditions. However, etioitg! to date
have been limited co incorporating energy absorption devices.
(load limiters) and flexible tiedown straps with existing
ail-craft floo.r fittings. A more effective cargo restr~ining
system n~ay be possible if energy absorption concepts are-
intag::ated with prazewit helicopter structures or are
incorporated in ftttc6' ililcopter designs.1Guidelines for an appoved syzem have resulted from consider- 4able vrork done by Aviation Sk&ety Engineering and Research

4 (AVSR) in establizhingr realistic threshold values of crash
pulse envelopes from i-depth study of full-scale helicopter
and fixed-wing crash tests, This wa; followed by the Crash
Survival Design Guide cov-e:ring ell pha:3es of crash survival

To avoid a sterile approach~ to the present study, Boeing
conducted an inDdependent revteiq of accident survivability and
cargo handling operations in Vietnam.

A system is recommended whidi provides a aignificant improve-
ment in crash survivability and is pract.-'al for field use.
To achieve this design, the follcwinq tazks were undertaken
and are included in this report:

* A review of carqo -restraint technology

* The establishment of design criteria

* An analysis of the CF-47 helicopter structure

* Definition of candidate cargo restraint systems



e

4 Restraint systems analysis ard selection

e An evaluation of the selected system

* Preliinary design of the selected system

Th following specialized information was compiled and is
cmatainaid in the appendixes of the ,eport:

0 Description of internal cargo handling in Vietnam

9 Design criteria for cargo restraint system safety

* Cargo tiedown time data

* Engineering survey comment on RVN operations

2
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2. REVIEW OF CARGO RESTRAINT TECHNOLOGY

2.1 SECURING INTERNAL HELICOPTER CARGO LOADS

The support of field operations in combat situations places a
premium on cargo tiedown and release time. There is a positive
need for any simplification in current tiedown equipment and
procedures that can be accompanied by increased crew safety in
survivable crash situations.

Army programs have demonstrated the promising concept of im-
proved helicopter cargo restraint efficienc- (Reference 2) by
reducing tiedown and release times through the use of energy
absorbing tiedown features. The Reference 2 document also
emphatically illustrates the need to evaluate current crash
criteria (up to 8g forward static restraint) and the applica-
tion of new criteria based on the dynamic response of the cargo
to a crash pulse.

While the trend is toward the extended use of external sling
loading for bulky, heavy items, many missions dictate the in-
ternal loading of mixed types of cargo as the most effective
mode of transport. Internal cargo is limitless, in odd sizes,
shapes and variety. Typical heterogeneous conditions which
must be resolved from the standpoint of tiedowns are illus-
trated in Figures 3, 4, 5, 6, and 7. In most combat missions,
however, the urgency of tactical operation limits the time
available to load, restrain, release, and unload the multi-
farious objects carried. Effective use of the helicopter re-
quires high productivity, particularly where the cargo handling
becomes a significant portion of the short-stage missions
flown.

The continuing hazard of tactical helicopter airlift must be
weighed against the speed and efficiency of performing the
basic mission. The mission comes first; as a result, many
cargo tiedowns, if used at all, are of marginal and insignif-
icant nature. These conditions, which were found to be typical
and representative of field operations, are illustrated in
Figures 8 and 9.

A study of cargo restraint problems and their resulting
solutions would be absolutely useless unless these problems •
and solutions were studied in their actual environment. It is
for this reason that tiedown requirements, cargo restraint
training, and the application of both under operational
conditions in Vietnam were investigated.

3 •
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II

Cargo Restraint Provisions

Cargo restraint provisions in present helicopters consist of a
matrix of tiedown rings arranged for convenience as stipulated
in the military specifications for the aircraft. These fit-
tings are the points at which the variety of cargo carried is
tied or restrained through the use of a strap, chain, or other
device looped around vehicle axles or fastened to a similar
fitting on the cargo. While these systems vary in detail for
each individual aircraft, they are generally similar except
for fitting locations and capacity provided. Table I lists
the provisions normally aboard U.S. Army and Marine helicop-

* ters, as well as a Russian aircraft.

Guidance in the use of cargo restraining equipment is prepared
for each individual aircraft. Typical of this information for
pilot and crew is the CH-47 Flight Operators Manual, TM 55-1520-
209-10 (Reference 3).

Static restraint criteria used today are shown in Table II.
The g crash load factors for Navy aircraft are generally higher
than those for Army aircraft, as a result of the special re-
quirements for deck landings and related handling problems.

Recent Army programs have resulted in the formulation of dynam-
ic crash criteria which relate dynamic impact g load factor
to pulse duration. The pulse curve takes the form of an equi-
lateral triangle, with the apex corresponding to the maximum
g level. Average g levels published in the AVSER Crash
Survival Design Guide are given in Table II. F

Loadmaster Training

Loadmaster basic training is provided by the U.S. Army Trans-
portation Center at Fort Eustis, Virginia, and is supplemented
by work in field training units at such locations as Fort Sill
and Fort Bragg.

Basic textbooks for this training are given in References 4,
5, and 6, -hich completely delineate the aircraft cargo pro-
visions, cdrgo compartment volume and capacity, restraint cri- ,.
teria for specific aircraft, and procedures and equipment recom-
mended for use.

The Army unit commanders are responsible for preparing supplies
and equipment, and for loading, tiedown, and unloading of the
aircraft. However, the aircraft commander has the responsibility
for the approval of the final cargo tiedown configuration.

The referenced documents define in detail the handling and
securing of typical loads tD be encountered in the military
service and the application of available straps, hooks, chains,

11
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and quick-release devices to the cargo retention problem. Also,
great detail is given to proper cargo orientation and the num-
ber of tiedown devices to be used for each item. Considerable
effort has beer, extended in providing short cuts for determin-
ing the proper restraint configuration. Many photographs are
provided to show examples of proper usage and function of all
the equipment. However, there is no explanation of how these
rules and regulations may be applied under combat conditions.
In this respect, the use of the instructions may be viewed as
training objectives, with principal application expected in
administrative and CONUS type air transport operations.

Vietnam Field Service Reports

In order to obtain a realistic appraisal of cargo restraint

practice under operational field conditions, a review was con-
ducted based on the experiences of Boeing field service repre-
sentatives working with U.S. Army user groups in Vietnam. The
range of activities reviewed included methods of securing in-

ternal cargo, equipment available in the field, flight safety
practices relative to cdrgo handling, and crash survivability.

*! Known survivable accidents or mishaps involving internal cargo
(as either the primary or secondary cause of casualties) were
reviewed with these field service representatives to learn
where cargo handling practices were weak and could be improved,
where they might be totally lacking, and what factors were re-
lated to fatalities.

The discussions with the field representatives pointed up sev-
eral areas where improvements could be made. A detailed
description of typical incidents cited is given in Appendix I,
along with actual illustrations of potentially lethal cargo
resulting from a combination of inadequate stowage conditions
and poor tiedown practice. Conclusions about present cargo
restraint systems, the environment in which they are expected
to perform, and recommendations for improvement derived from
these interviews axe as follows:

General

Potential accident fatalities are reducible if proper
cargo tiedown procedures are used. Since present re-
straint equipment is not being put to use because of
time exigencies, poor operating habits result. Com-
plete crash survivability may be unachievable because
carco restraint is basically contrary to the "mobility"
concept provided by helicopters. Unless the proposed
solution provides improvexccrt of several orders of mag-
nitude in time saved or simplicity, it will suffer from
the same disuse experienced with present field equipment.

14



Safety Imp-ovement

1. Need for flignt safety awareness in cargo restraint
is not apparent in the field. The Manual ST 55-161
(Reference 7) stresses protection of equipment
against damage, not protection of personnel.

2. There is no apparent continuity of cargo restraint
training provided for personnel in the field.

3. Ineffective cargo tiedown use appears to be the
practice for combat and noncombat missions; the
occasional cxception is in the case of heavier
vehicles.

Improved Restraint

1. Cannot be achieved by use of additional or new
equipment, unless tiedown requirements are sub-
stantially decreased.

2. Increased restraint should be accomplished by
using GFE and/or reducing the number of tiedc-!n
points required.

3. Puild restraint means into aircraft.

Procedural Improvement

i. Recommend doctrine change to association of

cargo restraint and flight safety of persorel.

2. Recommend ti.aining continuity in the field.

3. Use nets for flyaway equipment and Giass A
cargo tiedown.

4. Provide stowage for:

a. On-board restraint equipment
b. Field equipment (oil, tool boxes, personal gear)

5. Provide roller provisions and tailgate loading to
speed movement of cargo in and out, thereby pro-
viding more time for cargo tiedown. J.

6. Feedback of information on internal cargo missions
and equipment utilization is needed from the field
to improve existing and future aircraft designs.

7. Mor3 complete accident reporting is needed con-
cerning cargo tiedown security.

15*1 1 15
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2.2 HELICOPTER CARGO RESTRAINT SYSTEMS

An integral helicopter cargo restraint system, if available
today, cculd be used on a variety of aircraft. However, common
problems would exist in its adaptation since current helicopter
designs incorporating cargo-carrying provisions are based on
static restraint design criteria. Typical cargo restraint and
handling provisions now in use are summarized in Table I.
Cargo floor plans for the CH-4c, CH-47, and CH-53 helicopters
are shown in Figures 10, 11, dnd 12, respectively. (Except
for the newer CH-53, these aircraft designs are about 10 years
old.)

Considerable need has been expressed from the field for quick-
tiadown and -release equipment as an essential addition to each
of these cabin-type, rear-loading aircraft. Typical of these
expressions is a paper (Reference 8) by LTC W.R. Watson and
LTC J.R. Dunham, Jr., U.S. Army, which states: "If cargo re-
mains inside the cabin, a rapid, secure internal tiedown system
should be developed."

Development work on quick-tiedown and -release equipment is
being done by the Aeroquip Corporation at the request of the
U.S. Naval Air Development Center, Johnsville, Pennsylvania.
While the system devised is basically an assembly of available
components, its initial trials have indicated a potential for
rapid release of loads under critical landing and hostile
environmental conditions (Reference 9). Photographs of the
installations in a CH-46 aircraft are shown in Figures 13 and 14.

Rapid cargo handling is another basic requirement for the field
(Reference 8); therefore, as recommended by the Douglas study
(Reference 10), an automated system will be included as baseline
equipment in this study of restraint systems. A feasible
system has been devised for the CH-47 which meets these require-
ments when used with quick-tiedown and -release equipment.
Schematically, the system will consist of the features shown
in Figure 15.

2.3 ENERGY ABSORBING MATERIALS

A consideration of crash energy dissipation in aircraft design
must be based on a knowledge of energy absorbing media. In
general, an energy absorbing medium is one which can safely
decelerate a moving body by "absorbing" the kinetic energy of
impact through plastic flow or deformation while returning a
minimum of energy to the decelerated object. The eventual
choice of a material for use as an energy absorber in an air-
craft structural application is important from the standpoints
of weight, cost, and other characteristics. The objective of
this survey is to identify a variety of materials which can be

16
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Figure 15. CH-47 Rapid Cargo Loading System.
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applied efficiently as load limiters. The scope of the review
covered metals, nonmetals, and composites.

A limited survey was conducted through a review of the current
literature and contacts with people active in the field. The
industries covered included The Boeing Company, Seattle,
Washington; the major automotive manufacturers in the U.S.;
and load attenuator vendors or patent holders. While the sur-
vey cannot be considered comprehensive in depth or breadth, it

$ did assist in establishing a reasonable knowledge of materials
that could be applied to the energy absorption problem.K The use of materials for energy absorption is relatively new
and undeveloped; therefore, these little used properties of
materials are not as yet fully defined, an! are not published
with the more general characteristics. Unless an investigation
of a specific material is undertaken, one can only make a
review of percent elongation, reduction of area or impact
strength (toughness), and then approximate the material's
utilization as an energy absorber from basic stress strain
curves.

In the automotive field, application of energy absorbing comr-
ponents (padded visors, padded dash, lap seat belts) has pro-
gressed from the design of separate shock absorbing gadgets to
vehicle redesign in which .rinciples of shock mitigation and
energy absorption are applidd to the auto body to prevent col-
lapse and intrusion of the occupied space. Important examples
of this are changes in the structural framework, body door
design, and glass composition.

The following listings denote the manner iiL which maverials
may be used as energy absorbing media.

Energy Absorption by Physical Deformation

A. Materials for Absorbing Energy by Crushing

1. Honeycomb

a. Aluminu
b. Paper (Nomex): phenolic resin, impregnated
c. Metals: stainless steel, titanium, molybdenum,

tantalum, columbium
d. Plastics: Fiber--reinforced plastic (FRP)

2. Foams

a. Polyurethanes, density range of 1.5 to 60
pounds per cubic foot

b. Metals

23
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3. Fiber-Reinforced Plastics (PRP)

a. Polyester laminates
b. Epoxy laminates

4. Honeycomb and FRP

a. Laminated honeycomb panels
b. Elastomeric materials

B. Materials for Absorbing Energy by Extrusion

1. High viscosity (long time, low energy)

2. Low viscosity (short time, high energy)

a. Silicones
b. Freons
c. Oils: mineral, petroleum, synthetic
d. Water
e. Gases

C. Materials for Absorbing Energy by Twisting, Bending,

Shearipa

1. Laminates

a. Steel
b. Elastomers

2. Solids

Metals

Energy Absorbing Metals

A. Choice of Materials - Automotive and Aircraft

An industrial survey of information readily available on
the energy absorption of metals has shown that even rel.-
tively common industrial alloys with well defined yield
points (e.g., plain carbon stGel) can be made to absorb
large amounts of energy if properly designed. Because of
their cost orientation outlook, the three major domestic
automobile producers use this approach. Work in this
field is done on a design oriented, minimum cost basis

(References 11 through 16).

An alternate approach chosen by the aerospace industzy to
absorb energy for space flight was the use of specific
material properties such as ductility or plasticity (in
conjunction with design). This approach is materials
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I
oriented an- will sacrifice some cost for specific proper-
ties. In general, both approaches are equally valid if
they adequately perform their intended functions.

B. Influence of Design

Specific designs that will perform effectively under im-
pact conditions are honeycomb structures, frangible tubes,
collapsible tubes, fluid-filled devices, solid thermoplas-
tics, and various other load limiting configurations that
absorb energy by severe plastic deformation of the indi-
vidual constituents. It is important to note that most of
these devices exhibit an axial displacement to axial force
relationship, as represented in Figure 16 (from Reference

17).

The axial deflections for a particular load will vary
with the choice of material used for the plastically
deforming member. It is also possible to operate in
various load levels using different strength-stiffness

materials utilizing a single design as shown in Figure
17 (from References 17 and 18).

C. Influence of Use and Fabrication

The choice of materials for a particular design will be
influenced by engineering parameters such as the following:

1. Strength to weight ratio
2. Corrosion resistance
3. Availability of material in various shapes and sizes
4. Cost
5. Machinability, formability, weldability

It should be noted that some of the above parameters are
only indirectly related to the actual material, but, from~a production standpoint, play a large part in the choice

of the material.

A material's ability to absorb energy under impact
conditions is based primarily on its ability to flow
plastically without experiencing brittle iracture. As the
material deforms or elongates, depending on the design of
the load limiter, energy is being absorbed by the deforma-tion process, and a resistance to loading is incurred.

Materials with inherently few crystallographic slip
systems would be poor -hoices in view of the large assort-
ment of functioning designs. Additional or increasing
resistance to loading is produced if a material with a
high work hardening coefficient is chosen. Each additional
increment of load will meet with greater resistance as
strain hardening occurs. In general, a material's ability
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FRANGIBLE COLLAPSIBLE FLUID-FILLED SOLID
HONEYCOMB TUBE TUBE DEVICE THERMOPLASTIC

6 6 6 6

RELIABLE, HIGH SPECIFIC LOW FORCE, LONG STROKE, HIGH OPERATING
UNIFORM ENERGY, BUT LONG STROKE LOW OPERATING PrESSURZ, HIGH
FORCE LARGE FORCE PRESSUR5 DISSIPATION

FLUCTUATIONS DENSITY

(Reference 5)

Figure 16. Axial Displacement to Axia . Force Relationship.
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to strain harden is a characteristic of secondary impor-
tance, whereas a material's abiity to elongate under
load is of prime importance. It can be specifically shown
that large elongations in conjunction with i, ' qh yield

ultimate strength are indicative of a higi, energy absorp-
tion capability. T!his can be readily shown when consider-
ing a true stress-3train relationship (see Figure 18). The
energy absorbed during plastic deformation or toughness
(UT) is represented by the area under the nonlinear
portion of the curve or the integral

42
A =

C£1

vhere c = strain

= stress

(The elastic energy or area represented by the linear
portion of the curve is not considered because it is
energy recovered after the load is removed or after
failure occurs.)

It is also apparent that the dimensional unit for this
area is expressed by (psi x in.)/in. (stress multiplied
by strain) or,

lb-in. Energy
cu-in. = -t- Io ume (2)I

'y dividing this energy expression by the weight density
of material, the expression then becomes

Ener . lb Ener,

cr a meaningful engineering parameter. Since integration
for a particular material is cumbersome, it can be approx-
imated by the following relationship (Reference 19):

liUTS + Y'S x ioq

UT \ Energy - 2 x Elong.

Id
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Figure 18, Typical Stress-Strain Diagram for a Ductile1Material.
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%here UTS = ultimate tensile strength, psi

YS = yield strength, psi

Elong. = fractional elongation, in.

d = weight density, lb/cu--in.

The high values of energy per pound will be repre-
sentative of high energy absorption. This is
particularly useful because it requires the knowledge
of only four easily obtainable material properties.
Obviously, theze properties are of paramount importance
in choosing materials for load limiting applications.
Table III presents a list of materials and their
approximate computed energy absorption values.

The effect of the use of these materials in different
energy absorbing devices may be seen by comparison with
the values given in Table III. For example, R&D energy
absorption investigations indicate that a wide range of
efficiency (specific energy) is available: approximately
40,000 foot-pounds per pound for frangible tubes, about
maximum for 4130 steel (Reference 17), and values of
400,000 to 800,000 foot-pounds per pound have been quoted
for cyclic spring bending devices (Reference 20).

Energy Absorption by Nonametals and Composites

The nonmetals and composites include honeycomb, isocyanate foams,
styrene foams, metal foams, balsa wood, cardboard, foam glass,
various padding and wadding, can and box-like structures, and
elastomers.

A. Honeycomb and Foams

HIneycomb absorbs energy by crushing under load. The
action of crushing develops a uniform level of stress.
Honeycomb manufactured by both the corrugated and ex-
panded method is widely used for general energy absorp-
tion application. Aluminum, reinforced plastics and
paper are the most common materials. Energy absorption
of the most conm.only used honeycomb cores is limiLed to
loading parallel to the longitudinal cell axis; if not,
the average crushing stress declines rapidly. To over-

come this, a special core is fabricated to provide a
multidirectional energy absorption system. By the
proper selection of cell size and foil thickness,
honeycomb materials can have an average total energy
capacity of 72,000 foot-pounds per cubic foot core.
Honeycomb structures are now used throughout the
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IFTABLE III. ENERGY ABSORPTION VALUES

Energy
Elongation Absorption

Material (%) (ir.-lb/l.b

1. AISI 4340 Steel (177 ksi UTS) 15 90,500

2. Custom 455 Maraging Steel
(aged 1000*F) 16 117,000

- 3. HY-150 Steel (150 ksi UTS) 18 98,300

4. 301 "cainless Steel (annealed) 50 114,000

5. 2014 Aluminum (T6) 13 83,800

6. 7075 Aluminum (T6) 11 85,000

7. ZK60a Magnesium (T5) 11 81,000

8. 6A]-4V Titanium (aged) 10 93,000

9. 6-6-2 Titanium (aged) 8 87,000

10. 9-4-.20 Steel (220 ksi UTS) 17 120,500

11. 9-4-.45 Steel (Bainitic
270 ksi UTS) 13 114,000
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helicopter for panelbt ard load carrying structures.
By redesign and prop.:r orientation of the honeycomb

o. ,~Ui basic structure could be made to be a pre-
1'Lhdn. ,nergy absorbing member.

Low density plasL' oam .iaterials are used in much
the same way as honey,. '. 4- ene:gy absorptions. rhe
deceleration strokes obtain- " h foams are usually
up to only about 60 percent, alt -1.4 1otinuT honey-
combs are up to about 75 percent. The i_- - +he j
percentage, the more materials are required t t
specific job. Plastic foams can be formulated wiLh
densities ranging from 1 pound per cubic foot to
60 pounds per cubic foot, as flexible or rigid as
dr~sired.

Current literature in the fields of shock and vibration
indicates that new information will soon be available
from widespread testing programs under way to establish
the dynamic characteristics of foams and foamed metals.

B. Elastomers

Some types of elastomers have the ability to absorb
energy and release it at a controllable rate and
magnitude. As energy absorbers, elastomers can be
used as bumpers, cushions, or mounts. An elastomer
formulated to absorb and control energy can have
"low transmissibility", that is, energy held in the
material as heat and ultimately dissipated by con-
duction and convection. low transmissibility is
desirable in most cases. An elastomer can also have
"high transmissilility", kinetic energy transmitted

or foundation. Energy absorption in an elastomer

can be obtained by using an unreacted polymer having
an inherently high damping factor and accentuating
it by compounding or selecting a polymer with a
moderate damping factor and compounding more elaborately.
Some of the energy absorbing polymers thet can be used
are silicones, butyl neoprene, nitrile or urethane.

2.4 EVERGY ABSORPTION THROUGH PLASTIC DEFORMATION

Aircraft structures are designed to react loads that occur

during flight, ground hdndling, and crash environments. Exist-
ing crash loads criteria used in aircraft design are predicated
upon static load factors geared toward strengthening pertinent

structural components. The static crash load riteria are
applicable to restraint of seats, personnel, and cargo, as
well as engine mounts and other structural elements.
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I
Pilots in U.S. Army aircraft currently use a restraint harness
enveloping their shoulders and waist. In addition, specifica-
tion MIL-k-0736 requires installation of an inertia reel on V
the crew scuts which acts as an automatic locking device to
provide full -reedom of movement during normal operation and
complete rest , nt during sudden decelerations. Internal
restraint of yersonnel on litters is accomplished by ancircling
the stretcher with several pieces of webbing. The shoulder-
waist harness mentioned above would be appropriate for longi-
tudinal restraint, Howcvex, present vertical litter restraint
designs offer limited protection for downward crashes.

Aircraft seats are rigidly attached to the airframe through
floor structure and hb"e inherent plastic deformation charac-
teristics that respond to impose, loads. Howevex, material
characteristics distinctly limit the system's resistance
to impulsive loading.

The type of restraint for cargo varies with the type of
package transported. Cargo carried in U.S. Army aircraft is
both homogeneous (vehicle, aircraft engines, etc.) and mixed
(food packages, medical supplies, etc.) in nature. Bulk or
mixed cargo is either prepalletized prior to loading or placed
on the aircraft floor for net-type restraints. Tiedown of
homogeneous cargo is usually accomplished by chains or web-
type restraint devices. Such restraint methods are typical
of the air delivery mode of transportation.

For airdrop operations, prepalletized cargo is placed on
rollers attached to the aircraft floor and is restrained by
web devices with a cutting mechanism for quick release.
Instances occur when web and chain tiedown devices are rixed
for restraint in a defined direction, which results in degra-
dation of the restraint system because of the different elastic-
ity characteristics. It has been further ascertained from
field observers that little restraint, if any, is used during
helicopter combat operations, and nets are seldom carried
with the aircraft.

Studies associated with aircraft response to dynamic impact
loading have shown that occupant survivability and protection
can be improved if occupant restraint, cargo restraint, and
hazardous environmental conditions are considered in initial
design. In recent years, 3tudies have been inaugurated to

Idetermine and develop desj.tn criteria and design concepts to
cover all aspects of rircraft safety and survivability.

A statistical study of crashes involving U.S. Army aircraft
(since 19CO) was urJertaken to esfablish the range of impact
conditions related to survivability. The human tolerance to
withstand abrupt accelerations and the parameters associated
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with impact pulse imparted to the aircraft were the major
areas of investigation. The factors affecting human tolerance
include magnitude, duration, rate of onset, and direction of
applied force felt by the occupant. A typical survivable
crash pulse imparted to aircraft, when relating aircraft
deceleration to duration, takes the approximate shape of an
equilateral triangle. In general, large fixed-wing aircraft
realize higher impact pulses during crash events as opposed
to rotary-wing or light fixed-wing aircraft. Longitudinal
impact energy is dissipated in compression and acceleration of
the soil median and friction between impact surfaces, with
a small percentage absorbed by structural deformation. For
vertical impacts, a somewhat higher percentage of energy is
absorbed by the fuselage structure. However, most of the
impulsive forces are transmitted to the cargo and crew.

A study by All American Engineering Company (AAE)(Reference 21)
pertinent to dynamic restraint requirements defines the de-
ficiencies of the existing U.S. Army restraint techniques.
The report delineates a dynamic analysis, relating crash
pulse criteria to restraint system deflection, and formulates
an applicable load-limiting wire-bending energy absorber
concept.

IThe pertinent problem areas associated with cargo restraint
in the Reference 21 study were: available floor tiedown
fittings after cargo is placed in the aircraft compartment,
cargo tiedown and release time, the number of tiedown straps
required to correctly restrain cargo, and the need for dyn.amic
criteria in place of existing static requirements.

The Reference 21 report shows a dynamic analysis of cargo de-
flection as a function of elastic restraint characteristics,
constant cargo g load, aircraft deceleration, and time
parameters. The report also suggests that the wire-bending
energy absorber, combined in series with a low-elastic
web tiedown restraint (preferably Dacron), offers maximum
restraint energy when evaluated against the factorr of opera-
tional feasibility, payload capabilities, weight, cost, and
technical feasibility.
The feasibility of the low-elastic strap in conjunction with
wire-bending energy absorbers as a cargo restraint system was

proven during a helicopter crash testing program (Reference 2).
This was accomplished by restraining two separate test loads
to a common g load factor. One package was restrained by the
new tiedown system and the other package by the existing U.S.
Army nylon straps. The new system remained intact while the
nylon restraints failed immediately after impact. The tests
paved the way for evaluation of experimental hardware. Design
verification was obtained by dynamic testinq a number of these
units on a laboratory test rig.
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The dynamic and helicopter crash tests were so definitive that
5,000- and 10,000-pound absorbing Dacron strap units have
been manufactured and sent to Vietnam for evaluation.

One objective of this study is to integrate energy absorption
philosophy and helicopter structures in order to improve
system effectiveness beyond the gains realized by the load
limiting device alone. Use of the basic aircraft structure
as the energy absorption medium would require analytical
techniques pertinent to plastic deformation of materials.
The analysis could cornsider either time-independent or time-
dependent behavior of materials.

Selection of the method would be based on the physical prop-
erties of the structural material, accuracy of analysis,
time rate of application, and removal of loading of the
structure. In specific cases with relatively simple systems
such as load limiters, a time-independent analysis would
be used. In more complex and highly redundant structures,
such as aircraft, where weight and accuracy are of vital
importance, a time-dependent analysis would be more suitable.
For these applications, computer analyses (as reported by
Boeing and Douglas in References 22, 23, 24, and '5) have been
used.

The following discussion is an excerpt from "Introduction
to Mechanics of Deformable Solids" (Reference 26), which is
an introduction to plastic analysis of deformable solids.
The context will briefly describe time-independent and time-
dependent behavior of materials. In simple form, derivation
of a beam in pure bending for time-dependent behavior of
materials is presented.

Time-Independent Behavior of Materials

Time-independence to the behavior of materials is best illus-
trated by considering a tension member with the load-deflection
curve depicted in Figure 19. Loading the member to the P¥
value will result in linear-elastic behavior of the
mater al By increasing the load further, the material becomes
plastic aid the change in load to deflection (dP/d6) decreases
until fracture occurs. The area under the curve represents the
work done by the particular material which is partly stored
as elastic strain energy and partly dissipated in plastic
deformation. The stored energy is recoverable when the load
is removed. The recovery essentially follows the straight
line portion of the curve as delineated in the figure.
However, a permanent set results with the tension member
becoming longer and thinner. Virtually no change in volume
occurs. Reloading the member results in essentially the same
curve shape as if unloading had not taken place. The loop
formed (see Figure 19) by the unloading and reloading is
called a hysteresis loop.
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Time.-Dependent Behavior of Materials

In general, for high rates of loading at or above room tempera-
ture, behavior of materials becomes time-dependent. The
effect of time is primarily associated with creep and relaxa-
tion behaviors. Creep is the time-dependent deformation
produced in solids subjected to stress and relaxation, and
is defined as the time-dependent decrease in stress at a
given deformation. Two basic idealiz..tions of time-dependent
material behavior are the linear-viscous and linear-visco-
elastic.

A linear-viscous material is analogous to a linear spring
where change in length represents material strain and force
represents stress. The material will exhibit no recovery
and responds to a given stress at any time in the same manner
as at any other time. Considering the homogeneous tension
member again, the rate of strain dc/dt is proportional to
tensile stress a given by the equation

d 0 (5)

where C = a constant of the material.
Also,

d6 PL

d6
where d- = rate of deflection

L = length of tension member

A = area of tensinn member

It is to be noted that Equation (5) is the analog of the
theoretical elastic elongation equatian 6 - PL/AE, where E is
the modulus of elasticity.

The higher the viscosity or the higher the value of C, the
slower the application of load. Also, relaxation is instantan-
eous at constant strain, where dc/dt is zero, resulting in P

and a being zero. It is not possible to realize a sudden
finite change in E without having a finite change in time, as
this would require an infinite a. However, a finite change
in e can result with a finite change in time by a sufficiently
large a.

A linear-viscoelastic material, which combines elastic and
viscous response, is closer to actual time-dependent struc-
tural material than the purely viscous material. A visco-
elastic model known as the Maxwell model is shown in
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Figure 20. The model delineates the viscous element
pictorially by a dashpot and assumes the spring or linear
element in series with the dashpot. For the linear portion
of the model,

e a (7)E -

4here e = the strain in the linear range.

Also, from equation (5)

d v a
d c = a (8)

where dcv /dt represents the rate of strain for the viscous
element. Differentiating Equation (7) and adding to
Equation (8), the differential equation for total rate of
strain is

ac 1 da + (9)

To understand the conceptual or practical usefulness of this
equation and the model it represents, an analysis of its
behavior in creep and relaxation is necessary. (This analysis
is discussed in great detail in Reference 26.)

Beam in Pure Bending

The application of time-dependent behavior of materials to
beams in pure bending is presented for the linear-viscous
idealization.

In pure bending, each cross section (dx apart) of the beam is
subjected to the same bending moment (see Figure 21). There-
fore, each length dx will behave in the same way, and the same
change in rotatation do between the two bounding cross sections
can be expected. As depicted in the figure, all lines or
fibers parallel to the neutral axis of the beam must become
concentric circular arcs, where those fibers at the top of the
beam shorten and those at the bottom lengthen. The strain
relationship is:

C = (10)~L

but

1 e (1
e LK
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Figure 20. Maxwell Model of Linear-Viscoelastic Material
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therefore,

I dc dk (12)HE y T (12

Using 6 = Mc/I and Equations (5) and (12), then

dkv M (13)
t n c asot t

Figure 22 is delineated to shci the development of the plastic
moment Mo for a homogeneous rectangular beam. First. there is
an elastic response in which the distribution of stress is
linear wit distance from the neutral axis located at the mid-
height o,' the beam. This stage terminates when the maximum,
or extreme, fiber stress reaches jo simultaneously at the top

and the bottom of the beam. The moment for this first yield
is denoted by M. As the moment is increased beyond My, the
response is partly elastic and partly plastic. The bending
stress a cannot exceed co, the strain still is proportional to
the curvature k, and the stress distribution on the cross
section is simply the stress-strain diagram turned 90 degreesfrom its usual position. The slope of the moment-curvature

curve decreases continuously as M rises asymptotically to MO .
Actually, the difference between M and Mo becomes very small,
even for the rectangular cross section, at a rather small
multiple of the limit of fully elastic curvature ky.

2.5 ENERGY ABSORBING DEVICES

To quote the introductory statements of a recent article on
load attenuation, "Any physical characteristic that is predict-
able can usually be adapted to engineering advantage...
Failure itself, generally thought of as 'bad', can be a useful
mechanism because many failure modes and characteristics are
predictable" (Reference 17).

The following text describes various concepts developed and/or
being tested for load attenuation use. Where possible, avail-
able performance curves are shown to indicate response charac-.
teristics and energy absorbing capacities. Possible applica-
tions to an integral helicopter cargo restraint system are
also shown. Table IV is presented to show the efficiencies
of load limiting devices reviewed.

All of the devices shown appear to be feasible in concept for
the contract application. Some devices (the AAE, VZA, ARDE,
and Boeing configurations) could be developed on a short-term
production basis; other designs (MRI and Menasco) tend to fall
in the long-term development period.
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TABLE IV. EFFICIENCIES OF LOAD ATTENUATION DEVICES REVIEWED

Design

Manufacturer Load Design
and Capacity Stroke Weight Efficiency

Model (1000 ib) (in.) (ib) (ft-lb/lb)

AAE

Type I 5.0 6.0 4.0 625
Type II 10.0 6.0 5.5 920

VZA

L.-3 2.5 4.0 0.34 2,450
LL-4 0.75 12.0 0.10 7,500
LL-5** 5.25 3.0 1.60 821
LL-6 1.0 12.0 0.23 4,350LL-7 4.0 24.0 1.60 5,000

LL-8 2.4 36.0 * *
LL-Compress ion 2.0 8.0 0.34 3,920

LL-9 0.65 72.0 0.6 6,500iLL-10 2.4 43.0 **
iLL-11 5.0 24.0 1.75 5,704
SLL-12 11.0 for 48 in.*** 120.0 **
SLL-14 4.5 to 5.0 12.0 1.4 3,575
SLL-15 9.0 to 10.0 12.0 2.7 3,710

MRI** 5.0 6.0 1.25 2,000

ARDE

(a)** 5.0 6.0 4.4 569
(b)* *  23.0 6.0 4.4 2,613
(c)** 5.0 6.0 1.44 1,738

Boeing

SK18595 5.7 5.0 2.2 1,080
143E5003-1 3100 9.0 1.7 1,370

Menasco
$4

Solid Medium 8.0 6.0 10.0 400

* No data available at this time.
.* Capable of stroking in either direction.

* Dec.eases from 11,000 to 0 lb from 48 to 120 inches
of stroke.

oU
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Stroking Split Tube

This concept, designed for shipboard application, has been
undergoing test evaluation by th Aeroquip Corporation of
Jackson, Michigan, for the past year. Recent conversations
with the manufacturing personnel indicate they have been
discouraged by the inconsistent breakaway or initial peak forces
experienced to date and have turned toward other concepts. No
test data, cost, size or weight, is available at this time. As
indicated by Figure 23, the design consists of dn inner slotted
tube and an outer tube with a reduced opening at one end. Upon
loading the device to a preselected level, the shear pin fails
and the slotted tube is pulled through the reduced end of the
outer sleeve.

Metal Bending Devices

There are several types of metal bending devices: wire, tube,
strap, bar, ring and tape. Most of these concepts are in the
development stage.

Figure 24 illustrates a wire-bending concept developed by All
American Engineering under contract to USAAVLABS. These 5K
and 10K capacity load attenuators have been tested and sent to
Vietnam for field tests; to date, no data has been available
from the field. The design has been documented in References
27, 2, and 21. Table V shows a tabulation of these load
limiter characteristics, and Figure 25 illustrates the perfor-
mance curves based on actual tests.

The equipment produced was unduly expensive, and the vendor
recommends (Reference 27) that a brief but intensive program
be carried out to reduce the unit cost. The study should
include:

1. Improved tooling
2. Use of new material

AAE estimates a production cost for the Type I and II units
less straps in the order of $80/unit and $96/unit for quanti-
ties of 2,000. These units are used as the baseline equipment
for the system trade-off study in Section 7.

The curves of Figure 25 depict a drop in load level, apparent-
ly as a result of a decrease in back tension on the guides.
The back tension is caused by the pressure of the wire against
the guides, which results in friction buaildup. The required

stroke for a constant load intensity can be accomplished by
allowing the required wire free end to extend beyond the I. Y
wrapping of the guide. However, for compactness, it may prove
more feasible to wrap the wires a number of revolutions around
the guides and allow a small drop in load for each revolution
unwrapped (see Figure 26).
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TABLE V. AAE LOAD LIMITER CHARACTERISTICS

Charac 9ristics Type I Type II

Rating (1b) 5,000 10,000

Nomin_. Yield Point (ib) 4,500 9,000

Yield Range (ib) 3,825 to 7,650 to
4,950 9,900

Strrke (minimum in.) 6 6

ty"U- W Ight (ib) 4 5-1/2

Envelope Size

Length (in.) 15 15
Width (in.) 3-1/2 4-3/4
Depth (in.) 2-1/8 2-1/8

Envelope Size (without tongue,
and hook, and through bolts)

Length (in.) 8 8
Width (in.) 2-5/8 3-5/8
Depth (in.) 2-1/8 2-1/8

Proof Load (ib) 3,500 7,000

Proof Time (sec) 30 30

The Van Zelm Associates Co. (VZA), Entwistle Corp., of Providence,
Rhode Island, is involved in considerable design and develop-
ment work with single cycJe load attenuating devices. Their
designs have utilized the bending of wire (similar to the
developed concept shown in Figure 24), flat sheets of metal,
bars, and tubes. Some of their development work and applica-
tions are shown in Table VI. A typical performance curve for a
5K cargo tiedown load limiter is shown in Figure 27 (from a VZA
report, Reference 28, for the unit shown in Figure 28).

The Air Crew Equipment Department of the Naval Air Test Center
is using a VZA designed load attenuation test rig which
unas a bar bending concept with a total load capacity for
80 units of 60,000 pounds. Figures 29, 30, and 31 show
other concepts that have been reduced to actual hardware
(Reference 29).
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LOAD tLI'Trv - !A MODEL It-5

I SPECIFICATIONS-~

1 . Load timnit~nq Pesstance 5250 por.4s
2. B-Di;ec;oa
2. stoe-wn~i as desired 3 i n. shown

14We~gi t - orobfe with -froke 0.8 1b. shown0

VAN ZEIM ASSOCIATES, INC.601ff"Or, mmloA

Figure £30. Model LL-5 Load Limiter (VZA).
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I.
From the pulse curve of Figure 27, the attenuator load
decreases nonlinearly with increasing stroke time. The largest
decrease in load is realized for a short duration at the begin-
ning of the stroke with the load intensity tending to level
as the stroke increases. It is estimated from the curve that
the load limiter impulse momentum response or efficiency is
about 91 percent of an ideal load limiter concept (shown by a
dashed line).

Multicyclic Plastic Deformation

Mechanics Research incorporated (MRI' has been developing a de- -4
vice that absorbs energy through multicyclic plastic deforma-
tion of a ductile metal (Reference 30). This is done by roll-
ing a series of ring elements supported on toroidal retainers
and compressed between concentric tubes (see Figures 32 and
33). A typical force-time characteristic curve of the design
concept, Figure 34, depicts a relatively level load intensity
during the stroking interval. 

Z:

MRI has indicated that a 5,000-pound 6-inch stroke cyclic/ . .
strain unit could be produced having a 1-1/2-inch OD, a 7-inch
retracted length, a 13-inch extended length, and a weight of
approximately 1-1/4 pounds. The device would require some
additional development to establish these performance limits.
High values of specific energy publicized for the MRI sp.:ina•
(see Section 2.3, ENERGY ABSORBING MATERIALS) are values Z-r
the material and are based on low-cycle fatigue criteria.
Values for a packaged unit are given in Table IV.

Collapsible Tubes

A wide variety of collapsible tube concepts for energy absorp-
tion exists. These include peeled, tube-ball, frangible, tapered,
and sealed collapsible tubes.

Two of these concepts, the peeled tube and the tube-ball,
are relatively simple and have been evaluated by Boeing and
AAE, respectively. The peeled tube design, Figure 35, uses a
tube forced over a hardened metal flared die to absorb energy.
At a predetermined load, the tube begins to split and peel back,
as shown in Figure 36. This principle can be used for either
tension or compression strut applications. .

The Naval Air Material Center has tested a new design furnished
as a test specimen by Boeing that is similar to an earlier in-stallation made in the ACH-47 Armed Chinook (see Ficure 37, ""

from Reference 31). Figare 38 shows this new strut being
tested in the VZA test rig, and Figure 39 shows an instrumented
drop test curve of its performance (Reference 52). Figure 40
shows a possible application in the CH-47 helicopter.
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INNER TUBE

OUTER TUBE 3

RING CLUSTERS

!I'

RING I
RING ELEMENT

RETAINER

PATENT APPROVED

Figure 32. Rolling Ring Strut Energy Absorber (MRI).
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The solid line of the curve in Figure 39 shows initial peak
load with an approximate 20 percent dropmoff in load level.
The peak load can actually be eliminated by prestressing during
fabrication of the units. In addition, load attenuation of
5,000 or 10,000 pounds can be easily attained with a minLmal
amount of development. The anticipated load-time cure is
represented by the dotted curve in Figure 39i A greater rate
of onset can be expected when used for cargo attenuation than
is shown by the existing test data. This is attributed to the
fact that the rate of load application during crash events will
be greater than that obtained during the test. events.

The high peaking action shown for the deadweight load time
curve was obtained from a stop placed in the tst setup to
prevent further stroking of the device. This'explains the
increase or peak load at the end of the constant load level qf
4212 pounds (shown as a solid line).

Figure 41 is an alternate application of- the metal peeling
idea in the destruction of the CH-47 flovr tiedown rails. Ex-
cessive restraint loads to the cargo rings would split the rail
structure in a manner similar to a tube. The slots in the rail
reduce the breakout force. This concept would utilize an air-
craft part as the working medium to reduce weight over a
separately packaged load limiter.

Boeing has demonstrated the metal peeling principle in crash
tests at AVSR and installed a peel tube in the ACH-47 helicop-
ter for seat strut and other applications. Figure 37 shows a
possible configuration adaptation for the CH-47 helicopter
tiedown arrangement.

Boeing peel-struts have been built in limited quantities for
test. Part No. SK18595 tension strut (Figure 38) in quanti-
ties of eight were priced at $247.00 each. Part No. SK18586
compression strut in quantities of four had a unit cost of
$191.00.

The tube-ball principle, shown in Figure 42, has been pro-
posed by All American Engineering. Subsequent to the work
covered by Reference 6, AAE built and tested a new short stroke
design. Pull tests are indicated as very consistent and manu-
facturing problems relatively easy to control. However, within
the contract time schedule, no performance data was obtainable
from AAE for this concept of load attenuation. (An integral
installation of a tube-ball device is shown in Figure 43.)

The frangible tube principle (Figure 44) can also be applied
as a load attenuating means (Reference 17). Also, NASA has
investigated the use of frangible struts for lunar vehicles
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(Reference 32). An objection to using this concept is the
possibility of large force fluctuations with the fragments, in
effect, becoming shrapnel if not contained in some manner.
Figure 45 illustrates the potential of using a collapsible

tapered tube or cone. This concept permits high stroke effi-
ciency in that the collapsed height of the attenuating device
would be minimal.

Figure 46, a formed accordion fitting, shows an application of
a collapsible tube. As indicated, a preformed shape is col-• lapsed in the normal installation, and when activated unfolds

o bsorb energy by a combination of unfolding and subsequent
elongation of metal. This concept could be adapted to most
tiedown rail pans with a flush floor type of installation.

Anoter concept, the canister or sealed tube, would tend to
ollapse on itself, as illustrated in Figure 47, thereby ab-
sorbing energy as the wall of the tube is upset. Additional
restraint could be obtained by having the canister sealed,
thereby compressing the trapped air as the tube is deformed.

..Plastic Torsional Deformation

The ARDE Company is developing a load attenuation device which
uses the plastic torsional deformation of a stainless steel
bar. As depicted in Figure 48 when the bar is loaded tc a
preselected intensity, it will be pulled through a set of three
dies causing four 90-degree cycles of twist, thereby providing
the required energy dissipation. The load level can be varied
by changing the twist angle of the center die relative to the
end dies. This device (as originally designed) and a modified
version have been tested at ACED as part of an in-house IR&D
program established for application to flight crew seat design.
Figure 49 shows the test unit in the ACED rig. Figures 50
and 51 show the initial performance curves obtained during
the ACED testing of the device.

The unit, as built for 5,000-pound capacity, weighs 4.4 pounds.
Its actual capacity, however, is not known as yet, but is
estimated by ARDE to be 23,000 pounds.

A potential application of the ARDE device to existing floor
tiedown fittings in the CH-47 helicopter is shown in Figure 52.

From discussions with the pertinent ARDE personnel, it appears
that the design concept is in the last stage of development,
which is geared toward maintaining a more constant load level
resulting in reducing the ratio of friction to material
deformation.
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Precrushed Honeycomb

Precrushed honeycomb has been used in many ways to absorb
energy; e.g., a single cycle compressible medium in lunar shock
struts (Reference 33), landing gear oleo extensions for
attenuating high sink rate speeds on helicopters, and seat load
attenuation (see Figure 53). Honeycomb material, including
glass reinforced phenolic honeycomb (which according to Refer-
ence 5 exhibits significantly higher values of average stress
and specific energy for comparable densities), could be used
for a high-production low-cost energy absorber device. Figure
54 shows a possible application to a tiedown fitting.

In addition, honeycomb could be used between floor and lower
skin and structure as a means of reducing cargo floor vertical
impact loads. This is illustrated by the test installation
shown in Figure 55 (Reference 31).

Annealed Strap and Cable

To reduce crash injuries to pilots, a load attenuator type
tensile strap device was developed at ACED for the F7U-3
ejection seat installation. When loaded to a predetermined
load, a pair of shear pins fail, allowing a flat annealed
stainless steel strap to elongate as a tension member. This is
described in Figures 56, 57, and 58 and in Reference 33.

VAnnealed stainless steel cables were also investigated as a
means of snubbing ejection seats, thereby permitting faster
pilot separation from the ejection seat (Reference 34).

These two concepts were successfully tested in a Boeing test
aircraft (Army designation VZ-2, Boeing Model 76 tilt-wing).
(See Reference 35.)

The tensile strap could be used at cargo or barrier net junc-
tions or as an integral part of a web type cargo restraint
device, as suggested in Figures 59 and 60. The use of %

annealed wire cable for nets and barriers would be an alternate [
design concept. The materials used would have properties
similar to those showr in Figure 61 (Reference 34).

The development of Peck and Hale's shock expander clip for
I strap and net applications could be another alternative. This

device is only in the conceptual stage. Figure 62 shows a
load attenuating configuration used in series with a wire rope
net. This concept could be applied to strap and net tiedown
devices.
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tion After Test Ejection.
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I NET LOAD LIMITERS

Figure 59. Tensile Strap Attached to Nylon or Dacron
Webbing.
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I KTO NET WIRE ROPE "

HOOK
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i ~SHEAR 1[

SHOCK EXPANDER
IS LOCATEDiON
EACH TAB WIRE

TO NET

EXPANDER BODY EPNE

NORMAL POSITION OF SHOCK EXPANDER AFTER 6,500 LB

EXPANDER BEFORE LOAD OF SHOCK HAS BEEN APPLIED
6,000 LB HAS BEEN APPLIED. TO TAB NET AND SHEAR LINK

IS BROKEN OUT. TAB WIRE
EXPANDS 2 INCHES AND
ASSUMES STRAIGHT LINE.
TAB WIRE THEN HAS 9,800
LB MIN BREAKING STRENGTH.

Figure 62. Shock Expander for Strap and Net Application

(Peck and Hale).
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Compressed Solid Medium (Friction or Viscose Dainper Concept)

I. °/ The Menasco Manufacturing Company of Burbank, California,
designers and manufacturers of landing gear shock struts, has
also' developed units for load attenuation in the form of liquid
spring and solid medium devices.

A liquid spring device capable of a 4-inch stroke for a l-to-2-
millisecond duration has been fabricated and successfully
tested for use in an explosive application. The unit consists
basically of a cylinder, a piston, and a liquid (silicone)
which is forced through a single orifice.

As a derivative of the liquid spring, a compressible solid
nwodium (silicone polymer compound) to replace the liquid is in

Sfthe development stage. At present, this unit appears to be
too heavy for aircraft use.

At the present time, both units are used wich rebound effects
" i in which the rate of load is controlled. However, a Menasco

representative has indicated that the rebound feature, current-
ly being investigated, can be eliminated. A device of this
nature would also require less cylinder wall and less costly
manufacturing tolerances. Velocity of loadi.ng is also control-
lable by variation of orifice design.

The maru.acturer believes that the silicone units would have a
5- to 10-year shelf life without maintenance, and that those
involving the silicone polymer would have an infinite life and
would require no service sinice sealing would not be a problem.
Figure 63 shows a typical compressible solid medium shock
strut, and Figures 64 and 65 are typical performance
curves. Figure 66 illustrates a liquid spring concept as
previously described. Either tension or compression applica-
tions may be designed, the latter being lighter in weight.
Response curves for the compressed solid medium units are not
available as yet.

Other manufacturers are evaluating porous metals, although no
information is available about them at this time. Figure 67
shows an add-on load attenuator configuration which might be
developed around this concept.

An alternate application of Menasco's design (Figure 68) is
shown installed in and adapted to the general shape of the
cargu tiedown rail, eliminating the weight of separate packag-
ing.
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NOTE: TEST RUN WITH PISTON
AND CYLINDER CLEARANCE
OF 0.002 IN. PER SIDE
AND TWO 1/4-IN. HOLES
THROUGH PISTON.

0

-COMPRESSION

0 1.00 2.00 3.00 4.00 5.00 6.00

STROKE (IN.)

Figure 64. Static Load Verss Stroke for Shock
Absorber (Menasco).
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TEST CONDITIONS

AMBIENT TEMPERATURE
DROP WEIGHT IS 1135 LB

DROP HEIGHT (IN.) CALCULATED IMPACT VELOCITY (MPH)

0 12 5.47
e, 18. 7 6.83

8 30.0 8.65
40.0 9.98

12-11-__

10 _ _ _ _ _ _ _

* 06

STROKE (IN.)

Figure 65. Load Versus Stroke per Shock Absorber (Menasco).
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Inflatables

NASA (Reference 32) has extensively investigated the use of
inflatables for landing load attenuation purposes. Test re-
sults have indicated that constant load levels are difficult
to maintain and would require a sophisticated pressure control
unit within the inflatable bag. Work in the development and
design of inflatables for cargo restraint is currently being
done by the Arlitt Company of Dallas, and others.

NASA, in its investigation of inflatables for use on lunar
vehicles, has compared them with material deformation and
collapsible shell concepts. The overall evaluation rated
them as good, with an energy absorption/system weight from
6,000 to 12,000 foot-pounds per pound. In addition, crash load
attenuation is not as critical for airbag restraint use Ln theI helicopter as it is in the space application. Their potential
application is illustrated in the system concept definition of
this report. It should be noted that the railroads and truck-
ing industries are using inflatables as dunnage to reduce cargo
shipping damage. (See Figures 69 and 70.) Figure 71 indi-
cates the type of deceleration or load absorption character-
istics capable from this type of device.

Barrier Nets

I The barrier nets as presently used in commercial aircraft
(References 36 and 37) are designed for a static 9g load factor
rather than a dynamic g load factor and are primarily concerned
with forward crash restraint. An improvement of these bacriers
to react to dynamic cargo loads may be realized by the inte-
gration of load attenuators into the net matrix for energy ab-
sorption. Almost any of the previously discussed devices could
be adapted to net construction and/or installations, as illus-
trated in Concepts II and III in Section 5, CANIDIDATE CARGO
RESTRAINT SYSTEMS.

Automotive Crash Attenuation Development Trends

I' Of interest is the considerable amount of research beinS con-
ducted on crash attenuation devices by the automobile manufac-
turers, both here and abroad. In this country, activity has
been generated, in part, by recent legislation (Reference 38)
passed in an attei- to curb the growing accident death and
injury tolls, and industry competition.

Current safety features include such ideas as:

1. Collapsible steering column (which approximately
doubles the weight of a steering assembly)
(Reference 11)!97
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2. Air bag restraint system for driver and passengers
(including a fail-safe accident sensing system)
(Reference 12)

3. General Motor's side impact bars (Reference 13)
4. Encapsulating (armored type) seat development

tests (Reference 14)
5. Controlled crush of sheet metal and frame parts

(of conmon materials) (Reference 15)
6. A complete safety engineered automobile (Reference 16)

2.6 ACCIDENT SURVIVABILITY DATA

The large-zcale movement and supply of military units by cargo
transport helicopter airlift has created new problems in cargo
handling and re',traint. New safety hazards develop during
tactical helicopter airlifts and must be weighed against the
urgency of performing the mission.

The objective of cargo restraint, beyond controlling the move-
ment of cargo during flight maneuvers, is to control the cargo
during a survivable crash sequence and thus minimize hazards to
personnel. There are occasions when this appear; to be
impossible, as in the case of large bulk items and the evacua-
tion of Vietnamese people and their belongings, as shown in
Figures 72 and 73.

En defining a new czrgo restraint system to protect crew-
passenger-cargo mixtures in helicopters, it is anticipated that
ultimate crash safety will require cargo restraint in all
directions. Since a total environment is involved, it appeared I
appropriate to observe the results being obtained with present
systems. Likewise, the influence of factors unrelated to the
cargo that could seriously influence the improvement in crash
survivability were considered. These secondary factors may
also be responsible for fatalities in an otherwise survivable
crash.

The procedure followed for this investigation was:

1. Review available helicopter accident reports for
cargo related factors:
a. Mechanism of load breakaway and consequences
b. Structural or other factors contributing to

crash survivability
2. Review current safety and cr ,:h survivability

literature. "

Contacts were made with the following sour, :es of accident sta-
tistical data, with results as noted. For tne accident case
review, the form shown in Figure 74 was used.
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ACCIDENT DATE: AIRCRAFT SER. NO. REPORT
USABAAR REPORT NO.: TAB NO. DATE:

CARGO BREAKAWAY

CARGO TIED DOWN?
YES/NO (EXPLAIN)

0 RESTRAINT FAILURE

A/C STRUCT./TIEDOWN
FAILURE

CARGO TYPES

CARGO/PERSONNEL
LOCATION

FATALITIES (NUMBER)

FATAL: CARGO RELATFD

ECPOTENTIAL FATALITY
0C (CARGO)

NO. ON BOARD

A/C IMPACTVELOCTY

DIRECTION /ANGLE,

A/C DAMAGE

GROUND DAMAGE

H _.....

FUSELAGE COLLAPSE
AROUND INHABITANTS?

PERCENTAGE OF A/C
DAMAGE: FIkE

ACCIDENT DESCRIPTION

Figure 74. Data Form for Review of Cargo-Related Survivable
Helicopter Accidents.
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Boeing Records - Out of 390 accident cases reviewed, 11 were
Erectly related to cargo or equivalent loose objects on board.
While cargo was often a prime suspected cause of injury or
death, information in medical officers reports (MOR's) on such
items as cargo tiedown methods, location, &nd types were often
vague and more often unavailable. This was a serious handicap
in obtaining a true picture of the effect of cargo breakaway.
While some statistical records are programed for cargo related
factors, information for the records was cften not provided.
This information, if available, would illustrate the contribu-
tion of cargo restraint to the incident and would help define

the environmental problems which must be solved.

U.S. Army Board for Aviation Accident Research (TSABAAR) and
U.S. Naval safety Center - The USABAAR and U.S. Naval Safety
Center data retrieval systems were not capable of detailed
isolation of situations. They did, however, offer to make
their files available to Boeing for a study review. Due to the
planned limited nature of this survey, data searches of areas
requiring such trpatrent were not undertaken.

Canadian Forces Safety Center - The RCAF center indicated that
the data requested could be retrieved; however, no data was
obtained during the report period.

* Norton Air Force Base Safety Center - A data search and elec-
tronic printout was promised by the Air Force and was to be
made available for review by Boeing representatives. However, s
results of this search did not become available during the re-
port period.

Accident Study Results

Results of the accident investigation review may be summarized
as follows:

Cargo as a primary causal factor

Cargo or ]oos equipment which can be considered as cargo
has bec., identified as a direct cause of, or is thought to *

have contributed to, accidents which otherwise would have
been survivable.

Restraint direction

The review indicates that helicopter crashes have occurred
with impact from every conceivable attitude, including
being inverted, with the most frequent mode of impact
occurring in the aircraft longitudinal direction.
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Combat Emergency

Cargo loading under combat emergency conditions and condi-
tions in which insufficient tiedown had been made were
found to be contributing factors to fatalities.

Other Environmental Factors

Examination of photographs and written descriptions of the
CH-47 accidents covered generally indicate the maintenance
of the integrity of the cabin structure. It is therefore
believed that the collapse of the inhabited area (cockpit
not included) has not in itself been identified as con-tributing to fatalities.

Likewise, pylon-mounted equipment and/or engine nacelles
did not generally intrude into the habitable cabin area.
Fatalities caused by other than cargo factors were: (1)
passengers being unrestrained, (2) post-crash fires, and
(3) the secondary effec .s of impact. These points are
illuRtrated by the accident summaries in Appendix II.

Several factors beyond the scope of an improved cargo restraint
system are apparent from the accident survey. Moreover, it
appears that increases in survivability resulting from new sys-
tems could be reduced by other major events which occur as part
of the overall crash sequence. These events, which in them-
selves are both causal and contributing factors, are:

1. Lack of personnel restraint
2. Inaccessible or restricted egress
3. Post-crash fire
4. Some nonhardware factors, which include:

a. Combat urgency
b. Lack of flight- and crash-safety awareness
c. Apathy toward use of available tiedown equipment

These findings are supported by another Boeing in-house investi-
gation of rollover accidents (Reference 39) and reports of the
Light Observation Helicopter (LOH) crash survivability (Refer-
ences 40, 18, and 41). The LOH, for example, which was designed
considering crash impulse technology, has established crash
pulse attenuation by means of the following:

1. Landing skid plastic deformation
2. Crushable keel beam and fuselage suofloor structure

shielding the fuel tanks and reducing post-crash fires
3. Integral deformable crew seats
4. Fuselage (rollover) truss preventing major structural

collapse from overhead transmissions, etc.
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The CH-47 Chinook, although designed in 1958, has similar
good crash survivability potential since its monocoque structure
has shown a tendency to maintain its cabin shape. Nevertheless,
further improvements are possible, such as:

1. Deformable protection for the fuel tanks
2. Additional load attenuation at the r-argo floor
3. Use of a high-energy landing gear
4. Load attenuating crew and passenger seats
5. Additional emergency egress provisions

Combined with an integral restraint system, improvements of this
type will aid in the broad attack on the crash survival problem.

The accident and cargo restraint reviews suggest that implementa-
tion of the following recommendations should produce immediate
benefits:

1. Undertake measures in the field to overcome reluctance
in the use of current equipment by creating an aware-
ness of crash-safety requirements.

2. Institute procedures for applying restraint to small
items, presently ignored, which are potential miasiles
under crash conditions.

3. Provide more details in accident analysis and
investigation to provide the proper understanding of
the restraint problem. Additional information may
point the way to other areas of immediate improvement.

These items, plus improveents forthcoming from the industry-
wide study of post-crash fires, will undoubtedly provide the
means of obtaining significant success in crash survivability.
In the development of the projected integral helicopter cargo
restraint system, safety criteria listed in Appendix II will be
applied.
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3. DESIGN CRITERIA

There are two basic types of cargo missions: (1) combat and
(2) normal air transport operations. The inherent problem
associated with combat operaions is the limited time avail-
able to correctly restrain cargo to protect the crew against
the environment due to an improbable crash. In addition, ex-
isting restraint techniques are too detailed to be used in a
combat environment (see Figure 75 and Reference 4), and
there are no effective means of restraining unconventional
loads such as bags of rice. Because of the helicopter'slimited storage space, cargo nets and other special equipment

are seldom carried with the aircraft.

As part of the trade-off metbodioquy for systems evaluation,
the primary design objective will be an integral heli-
copter restraint system adaptable to both cargo missions. As
an alternate, consideration should be given to devising a com-
bat cargo restraint system that will envelop a less severe
crash criteria than would be appropriate to normal air trans-ported cargo. The development of a dual restraint system isconceivable where the combat cargo restraint system is an in-

tegral part of the normal air transported cargo restraintsystem.

3.1 DESIGN OBJECTIVES

Design considerations pertinent to an integral helicopter re-
straint system are:

i. A permanently installeu, integral component of the
airframe.

2. Minimum dependence on lashing or latching operations
by loading crews.

3. Rapid and simple rigging and derigging of cargo;
suitable and adaptable to the widest variety of
cargo.

4. Emphasis on minimum component -,eights with suf-
ficient sturdiness to withstand abuses inherent in
the cargo handling environment.

5. Capable of continued cargo retention in the -vent
that airframe, floor, and restraint components suf-
fer relatively severe distortion.

6. Redundancy based on the premise that at least a
portion of tne system will be compromised by non-
uniform load application and by structural disinte-
gration.

7. System concept suitable for retrofitting into cur-
rent aircraft as well as being applicable to new
helicopter design.
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8. Personnel survivability

9. Personnel safety

3.2 CARGO CATEGORY

Categorizing Army cargo is necessary because of the large
variety of packages carried in Army aircraft. This was
accomplished in Reference 1 and is utilized for this study.

Class A Cargo

Loose item.a such as food, packages and ammunition boxes
which are stacked together and require cargo nets as a
restraint medium. Also, prepalletized cargo.

Class B Cargo

Homogeneous cargo such as vehicles and fuel barrels which
are restrained by strap type devices.

3.3 DESIGN PULSE-DURATION ENVELOPES

The Design Guide (Reference 1) recommends that Army cargo be
restrained to the crash-pulse duration criteria outlined in
Table VII.

As a contract design objective, USAAVLABS has designated crash-
pulse duration criteria pertinent to the 95th percentile of
crash survivability (representing a longitudinal impact velocity
of 60 fps). These values are shown in Table VII in parentheses.

It is recognized that the system weight required to fully re-
strain cargo at maximum payload and 95th percentile levels will
be high; therefore, a slight reduction in the percentile levels
is suggested. The Design Guide (Reference 1) recommends, with
pertinent reasons, the use of impact datr pertaining to the
90th and 80th percentile levels and longitudinal impact veloci-
ties of 51 and 44 fps respectively (see Table VII). This view-
point is obtained from statistical estimates and experimental
test data. The Design Guide also specifies a need for dynamic
restraint in the forward and late'al directions for Class A
cargo, but only in the forward direction for Class B cargo.

The reduced pulse-duration envelope criteria as recommended in
the Design Guide will be utilized for this study along with the
95th percentile value for vertical impact. Also, it will be
assumed that the g levels for Class B cargo and Class A caigo
are of the same value, with the 90th percentile value prevailing
for the longitudinal direction. This is based ui 41e informa-
tion that, in actual practice, passengers are carried with all
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TABLE VII. CRASH-PULSE DURATION CRITERIA

Percentile
Pulse of

Impact Cargo Peak (3 Avg Duration Survivable
Direction Class (g) (g) (sec) Crashes

Longi- A 20 10 0.158 90
tudinal(i) B 13.5 6.5 0.210 80

(4) - (27) (13.5) (0.138) (95)

Lateral (4 )  A&B(2 ) 10 5 0.130 90
- (16) (8) (0.097) (95)

A&B (48
Vertical A&B (48) (24) (0.061) (95)

NOTES:

1. Longitudinal replaces forward direction given in the
design guide.

2. Category B added.

3. G loads are referred to cargo cabin area only
(Reference 2).

4. Reference 1 general passenger compartment design recommen-
dations, 95th percentile level, rotary-wing and lighti fixed-wing aircraft. Also furnished by USAAVLABS ascrash-pulse duration envelope objective.

types of cargo without restriction. This information was de-
rived from the review of RVN cargo security (see Section 2.1,
SECURING INTERNAL CARGO LOADS). It appears more realistic for
this study, but is contrary to Reference 1, which states:

"It is assumed in this handbook that Class A cargo willsometimes be carried along with troops while Class B ca5.go

will not. The above assumptions are based on the reliable
knowledge that personnel are commonly transported together
with Class A cargo (personal belongings, rifles, ammuni-
tion, foodstuffs) while they are seldom transported with
Class B cargo because of the apparent dangers of such an •.
arrangement."
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3.4 DESIGN CARGO LOAD-DEFLECTION REQUIREMENTS

Pertinent to the crash design-duration envelope given in Table
VII, the corresponding envelope of cargo deflection for re-
straint devices with load attenuators is depicted in Figures
76, 77, and 78. This data omits the tiedown restraint charac-
teristics and uses only the load attenaator response to sur-
vivable crash conditions. With elastic tiedown restraints, the
cargo deflection as shown on the curves will be augmented by an
amount depending primarily on webbing characteristics,
restraint tiedown length, g level design, dynamic response, and
system friction. In order to utilize this data effectively,

the restraint system should be influenced by the following:

1. Consider as a design guide the restraint character-
istics of Dacron material or metal cable with the aim
of a low-elastic restraint device (Reference 21).

* 2. Use the lowest design g level corresponding to prac-
tical cargo stroke.

The vertical up restraint will be measured in terms of a 5g
static load factor (classes A and B) which is attributed to
cargo rebound from a vertical down cras (see Reference 1).
The vertical down restraint will be baseu on floor character-
istics which are associated with the 95th percentile of sur-
vivability. Selection of an optimum cargo restraint deflection
and its corresponding g level for the impact directions
is accomplished in the following sections.

3.5 CARGO STROKE DETERMINATION

Energy absorber stroke or load stopping distance must be com-
patible with aircraft cabin, cargo dimensions, and location
of personnel. The stroke must be a practical maximum and
permit use of the lowest design g level for the restraint
system. For the CH-47 aircraft, a cargo-to-aircraft clearance
envelope has been established to optimize the restraint load-
stroke combination for the aircraft lateral and longitudinal
directions which are shown in Tables VIII and IX. The loads
were located within the range of the CH-47C helicopter cg at
33,000 pounds gross weight. These clearances were obtained
by determining the distance between the cargo and (1) airframe,
.2) troop seats, (3) seated troops, and (4) stowed seats as
shown in Figure 79.

The Lateral stroke distance between internally carried vehicles
and the aircraft structure available for load deflection
varies from 11 to 15 inches (see Table VIII). An exception
to this is the .107, 1-1/2-ton water trailer, with a possible
stroke distance of only 6 inches to the floor frame
intersection. The longitudinal clearances for load deflection
are less critical, as shown in Table IX.
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Figure 76. Longitudinal. Load Deflection Requirements for

Class A Cargo.
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Figure 77. Longitudinal Load Deflection Requirements for
Class B Cargo.
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Figure 78. Lateral Load-Deflection Requirements for Class A
Cargo.
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TABLE IX. CH-47 AIRFRAME LONGITUDINAL INTERFACE DIMENSIONS IN
INCHES FOR TROOPS, TROOP SEATS, AND INTERNAL CAR GO

Column No. 1 2 3 4

Forward Forward Aft Aft
Dimension Dimens-on Dimension Dimension

to to Struct to to Struct
Nearest at Sta Nearest at Sta

Cargo Load Seat 120 Seat 486

M151 1/4-Ton Truck 9 130 18 105

MI00 1/4-Ton Trailer
and 12 56 14 80

MI51 1/4-Ton Truck

M151 1/4-Ton Truck 14 74 14
and

1 Wooden Pallet,
40 x 48 in. 14 * 16 50

M01 3/4-Ton Trailer 8 16: 16 53and

M107 1-1/2-Ton Water
Trailer 9 140 23 67

M107 1-1/2-Ton Water
Trailer and 9 80 24 *

1 Pallut, 40 x 48 in. 14 * 15 42

MI07 1-1/2-Ton Water
Trailer and 9 80 24 *

(4) 55-Gal Drums 20 * 20 47

%12) 55-Gal nrums
(3 Groups ot 4 Each) 8 76 8 44

M37 3/4-Ton Truck 22 103 14 80

3 Pallets (Ammo) 15 75 14 40

NOTES:
Stroke controlled by second load.

2. Columns 1 and 3 indicate maximum available stroke is based
on idealized (single) seating.

3. Columns 2 and 4 indicate maximum available stroke with
stowed seats.

4. See Section 7 for vehicle and cargo tiedowns, including
seating positions possible using single troop seats.

5. Most critical aircraft cg location used.
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Vertical depth under the cargo floor was another consideration
in selecting the longest practical energy absorber stroke.
An 8-inch stroke was selected on the basis of available verti-
cal subfloor depth which includes clearance for installation.

Required subfloor depth is available for 83 percent of the
floor tiedown locations. In fitting locations where clearances
less than 8 inches exist, an alternate means of positioning the
load limiters to obtain the full stroke for longitudinal load
restraint will be investigated.

Use of an 8-inch rather than a 6-inch carao deflection also
results in a reduction in design g level as shown below:

Cargo and Required Restraint G Level* Survivability
Load Percentile

Direction 6-Inch Stroke 8-Inch Stroke Level

Class A
Longitudinal 12.8 11.0 90th
Lateral 5.5 4.8 90th

Class B
Lo ngitudinal 8.0 7.2 80th

*See References 12 and 14.

When vehicles are carried internally as cargo, passengers must
be confined to forward and aft locations. This is due to the
lack of adequate space for cargo stroking between vehicles and
aircraft structure. When pallets, loose cargo, POL drums, and
other Class A items are carried, passengers may be arranged
anywhere around the cargo, as long as sufficient stroking dis-
tance is available.

3.6 DYNAMIC RESTRAINT LOAD FACTORS

As described in Section 3.3, the maximum dynamic restraint sys-
tem g load factors are to be determined at the 90th percentile
level of crash survivability for the longitudinal and lateral
impact directions. The corresponding cargo stroke requirement
is predicated on either the design limitations of the restraint
device used or the minimum available clearance between the
cargo and people, or cargo and airframe structure (see Tables
VIII and IX). Since g load factors are also dependent on the
material characteristics of the cargo restraint system, the
criteria must be exploited for the two basic types of re-
straint systems pertinent to aircraft application. They
are: 1) existing nylon webbing devices carried with U.S.
Army aircraft, and 2) constant load attenuation devices
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combined with lcw-elastic tiedown devices or nets. Their
corresponding g load factors, discussed and calculated below,
are tabulated in Table X. For convenience, the data for
static rest; int g load factor (from Section 3.7) is incor-
porated in this table.

TABLE X. COMPARISON OF DESIGN LOAD FACTORS FOR PRESENTE AND RECOWMENDED RESTRAINT SYSTEMS

Dynamic Restzaint g Load Static
Factors for 90 Percentile Restraint g
Level of Survivability Load Factor

Longitudinal Lateral Vertical Up
Restraint Impact Impact Impact
System Direction Direction Direction

Existing nylon web' -ig
(rated 5,000 lb/ft) 36 17.5 5

Low-elas tic devices
with load attenuators 11 5 3.75
(for 8-inch stroke)

Existing Nylon Webbing Devices (5000-pound capacity)

Nylon webbing devices are used as tiedown units between cargo
and floor. The maximum stretch for a device depends on the
length utilized, since the unit is rated at an estimated 5000
pounds for 25 percent elongation (see Reference 29). Assuming
a length of 4 to 6 feet, at 5000 pounds theedevice will deform
12 to 18 inches. Lateral clearance between cargo and airframe
structure (see Table VIII) varies from 10 to 25 inches, with
the majority oof cargo clearances above 11 inches. The
only exception is the M107 water trailer, for which clearance
is limited to 6 inches. However, for g load computation
purposes, a 12-inch stroke will be assumed to be prevalent.
It appears (see Table EX) that a 12-inch stroke is also at-
tainable for the longitudinal direction if the proper troop
jeating arrangement is used. The cargo g load for longitudinal
restraint at the 90th percentile level of survivability is
computed using equations (13) and (15) and Figure 10.0 from
Reference 29. These equations pertain to the amplitude and
frequency of vibration parameters derived for extensible re-
straint devices. These parameters are rearranged as Equation
(14):
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ITI
Tn 1

2 C (14)

1
where n = peak impact g level of 20 and replaces A in

(Reference 29) Equation (15)

= cargo restraint stroke of 1 foot and replaces
Amp in (Reference 29) Equation (15)

T = impact pulse duration, 0.158 sec

C = constant pertinent to the frequency of vibration

C1 = constant pertinent to the amplitude of vibration >
I

2 (0.158)2 (20)

C=1.63 C1

Assuming C1 = 1.80, then

29C2  2.94

or C = 1.715

From (Reference 29) Equation (13),

K = cnW (16)

where W = cargo weight

Therefore, the dynamic g load factor n is 1.8 x 20, or 36.
Similarly, for the lateral impact direction, the cargo g load
factor is 17.5.

Load Attenuator with Low-Elastic Webbing Devices

For a load attenuator device stored below the CH-47 helicopter
floor level as an integral part of the airframe, the maximum
available stroke is estimated at 8 inches (see cargo
stroke determination section). Above the floor level the
design stroke of the device (e.g., load limiters in series
with straps) is solely predicated on cargo clearance factors.
Assuming a design stroke of 8 inches and utilizing the load-
deflection curves depicted in Figures 76, 77, and 78, the
longitudinal and lateral g load factors required for restraining
cargo with load limiting devices are 11 and 5, respectively.
The use of the low-elastic webbing devices with load attenuators
tends to minimize the cargo stroke during operation - the cargo
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stroke being equal to the sum of the deformation of the strap
and load limiter devices. See the Refere:ice 29 and 31 reports
for further documentation on this subject.

3.7 STATIC RESTRAINT LOAD FACTORS

As described in Section 3.4, a 5g static load factor was
selected for vertical up restraint; vertical down restraint
is based on floor characteristics. This static load factor
was obtained from Reference 31 and is based on a possible
rebound load from a vertical deceleration of 20g. It appears
that the 5g static load facto: is reasonable for a restraint
system (such as the existing nylon webbing type) without load
limiting devices. However, since limiting devices are unique
in their load application, a reduction in the g level for the
rebound load is possible.

To determine the equivalent vertical g load factor n, for load
- - attenuation devices, the total work required (during verticat

down crashes) to deflect the cargo floor a dimension d is
equated to the total work required for nylon webbing devices
(without load limiting devices) to sustain on rebound. The
rebound energy is the area under the nylon webbing load-
deformation curve (see Figure 80). Therefore,

PS 5WSn n
(17)

or S
d =5/2 n (18)n

where P - 5g static load factor times cargo weight
Sn = nylon webbing deformation, 12 in.

W = cargo weight
n - vertical down g load factor due to impact

condition

then d = 30/n

For the low-elastic strap combined with load attenuators, the
total work rerulred to deflect the floor is equated to the
total work the lcad attenuato-a will sustain on rebound; there-
fore, w;ith the use of Equation (18),

nw 30 n WS (19)n 1

or 30nl= (20)
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For a constant load-deflection curve, n, is the load limiter g
load factor and S1 is the load limiter stroke (8 inches).
Then

n = 30/8

n = 3.75

3.8 CRASH SURVIVABILITY FOR MINIMUM RESTRAINT TECHNIQUES

This section was derived because the existing Army techniques
of restraining cargo are based on static criteria and, when
transformed to dynamic criteria, will result in less than the
desired 90th percentile level of survivability. In addition,
during combat operations, limited time is available to correct-
ly restrain cargo for full crew protection. Consequently, the
crash survivability-tiedown envelope attainable by using mini-
mum cargo restraint must be determined.

The data in Table XI is delineated to establish the longitu-
dinal and lateral floor pulses at various percentile levels of
survivability. Using this and other data from the restraint
systems studied, cargo weight for a single cargo tiedown
application, along with cargo g level as a function of percen-
tile of survivability, was calculated and plotted (see Figures
146 through 151). The relationship between the crash pulses
or the associated survivability level (Table XI) and minimum
restraint techniques is illustrated by a simple example.
Suppose a minimum tiedown system consisted of one strap device
with a 7.5k load attenuator restrained for longitudinal
impact. A package weighing 2000 pounds will result in a
survivability level of about 61 percent (Figure 150) and a
cargo g level of 3.5 (Figare 148). This shows that a great
deal of protection can be afforded the crew during combat or
other operations employing minimum restraint techniques.
Other examples can be found in Section 7.4.2. However, for
operations where maximum protection to the crew can be accom-
plished, the restraint criteria load factors depicted in Table
X should be given full consideration.
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44. CH-47 HELICOPTER STRUCTURAL ANALYSIS
I

An analysis was performed to determine the extent to which the
CH-47 cargo supporting structure is capable of restraining

* cargo during survivable crash conditions. The pertinent struc-
tural material characteristics related to plastic deformation

' I are utilized to develop the structure to its full potential.
"t " ;The design pulse-duration envelope and the design load-stroke

requirements presented in Section 3, DESIGN CRITERIA, are used
as the basis for the analysis so that a predicted energy level
for restraining cargo may be studied. Also, a comparison is
made between cargo load levels that will maintain the structural
integrity and the load levels that could be obtained when
allowing the structure to deform.

Helicopter structural components are designed as high-strength
low-elongation type structures which are predicated on the
present flight static load criteria. In addition, a high stiff-
ness type structure is generally required to maintain acceptable
helicopter vibration levels. The structural design techniques
applied to the present flight static criteria will not neces-
sarily apply to the predicted survivable dynamic crash loads

I imparted to the CH-47 helicopter. In order that cargo and
associated cargo restraints react to acceptable load levels
within the energy levels imposed by the impact condition, the

1'' suppoi-ting structure must be designed to relatively soft or
1 low-streii.th high-e. .ongation characteristics. The important
SI cargo load supporting structures that are studied in detail are

the floor tiedown fittings, floor structure, floor frames, and
side frames. Figure 81 shows the general CHl- 7 structural
arrangement.

4.1 FLOOR TIEDOWN FITTINGS. /. I

The CH-47 floor tiedown fittings, which distribute cargo loads
into the floor structure and floor frames, are rated at a

,o--. 5000-pound capacity. The 5000-pound rated value occurs when
the D-rii.g compone.,t of the tiedown fitting is tied at an angle
close to the floor surface (see Figure 82), which results in
an eccentric load pxoducing moment between the fitting and
floor frame cap. The moment is reacted as a couple by fitting
to floor-frame bolt attachments and compression between fitting
and frame. When considering the four bolts loaded to their
ultimate capacity in a symmetrical manner (see Figure 82), the
total resultant load of 4 x 4570 (see Figure 82), or 18,280
pounds, is excessively higher than the D-ring structural com-
ponent capability estimated at 7500 pounds. Static test
failure values of 5050 to 5150 pounds have been obtained (Ref-
erence 2), and field observers have indicated that bolt tension
is the primary mode of failure. The tiedown fittings are very
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Figure 82. CH-47 Floor ' "edown Fitting.
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rigid and will respond only to relatively low energy levels.
This is verified by summing up the area under the load deflec-
tion curve (see Figure 83) for the bolt material. The total
energy level per bolt u is 4570 (.015-.0063) + 1/2 (4570)(.0063)V or 54 inch-pounds. Using Equation (24), it is estimated that
the D-ring at failure is capable of 1500 inch-pounds of energy,
which is relatively low when compared to the predicted cargo
impact energy level of 60,000 inch-pounds. it is apparent that
the tiedown fittings are not very efficient as energy absorbing
devices and will not respond favorably to dynamic impact energy
levels depicted in Section 3, DESIGN CRITERIA.

4.2 STRUCTURAL FLOOR AND FLOOR FRAMES

The floor structure is constructed of continuous I-sections
and inverted hat sections (see Figure 84) utilized as a
recess area to store the tiedown rings below floor level when
not in use. A large portion of the floor is isolated froto
the adjacent structure to reduce helicopter vibrations. This
is accomplished by the installation of rubber isolator pads
between the floor and the top caps of the floor frames (see
Figure 84). The isolated flooring at the fore and aft ends
is transitioned into fixed flooring which is rigidly attached
to pertinent structure (Figure 85).

Within the envelope of the isolated and fixed floor area men-
tioned above, there are fifty-fouw 5K capacity tiedown fittings
patterned to a 3 by 18 matrix on 20-inch centers along the
lateral and longitudinal helicopter axes, respectively (see
Figure 85). An additional fifteen 5K and four 10K fittings
exist along each side of the aircraft floor adjacent to the
isolated floor area depicted in Figure 85. in the isolated
portion of the floor, each tiedown fitting is bolted to bushings
through the floor frame cap to allow vertical floor movement.
The same fitting is also attached to the floor structure
through a receptacle (see Figure 84). In nonisolated areas,
the bushings are removed and the bolts are tied directly to
the frame cap.

Longitudinal Cargo Loads for Isolated Floor

For longitudinal cargo loads in the vicinity of the isolated
floor structure, the tiedown fittings transfer the load inten-
sity directly to the floor structure along its forward and aft
axes. The vertical load component that exists when the cargo
restraint device is tied at an angle to the floor surface is
carried by the floor frame in bending. The load in the
floor will be carried in tension aft of the tiedown fittings
and in compression forward of the tiedown fittings. However,
because of the floor stiffness characteristics, most of the
load will travel to the tension side, where it will be reacted
through the fixed flooring end of the structure and sheared
outboard to the fuselage shell (see Figure 86).
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NOTE: LOW ALLOY STEEL BOLT MATERIAL
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Figiuie-84., CH-47 Floor Section Tiedown Ring and Floor Frame.
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The following theoretical analysis pertinent to both the floor
structure and floor frames facilitates the Category II pulse-
duration envelope defined in Table VII of Section 3, DESIGN
CRITERIA. For convenience, a 1250-pound package and- an 8g level
corresponding to a cargo stroke of 6 inches were selected,
which results in a total restraint energy requirement of 60,000
inch-pounds. (See Figure 77.) it is further assumed that
the vertical load component from the cargo restraint device
is small and consequently neglected.

From the floor structural material (ZK60A-T5 magnesium alloy
extrusion) stress-strain curve (Reference 42), the curve of

*Figure 87 was delineated. The values along the vertical axis
of the curve were obtained using an area bf 6.6 square inches
(adjusted for the hatch hole in the floor), and the deflection
axis was based on a floor length of 100 inches and the assump-
tion that about 50 percent of the total length of the isolated
floor section was in tension. (See Figure 86.) '

Summing up the area under the curve corresponding to 60,000
inch-pounds of energy results in a load of 218,000 pounds for
0.55 inch of deflection. This load is in excess of-the load'
capacity of the attachments tying the fixed portion of the
floor structure to the side fuselage shell. The floor is re-'
tained at each end by 20 screws; each screw is capable of 'an
ultimate single shear capacity of approximately 2200 poundsi
At this load intensity, immediate failure would occur and the-

4 floor on the forward side of the floor fittings would tend to
buckle. The buckling or compression load is calculated from
the equation

2 E
t. r IPer = 2 , (21),
L

and
4E E
S= 6.16 x 106 psi (Reference 26) (22)

r (FE + I-t)2

where L = length between floor frames, 20 in.
Et = 5.79 x 106 psi (Refereince 43)
E = 6.5 x 106 psi for ZK60A'-T5 magnesium extrusion
I = 1.210 in.4

* Then
2 6

Per = ' (6.16 x 10) (1.210) = 184,000 pounds400
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As previously indicated, the attachments containing the floor
are of much lower capacity (44,000 pounds) and will fail before
the buckling load is realized. Then, the pertinent floor frames
will support the floor with the longitudinal load reacted by
the uppez fLame cap (see Figure 88). The upper frame cap
will tend to act as a bendi 'q member of an approximate length
equal to the total width of the floor (see Figure 89).

The beam is capable of approximately 45,000 inch-pounds of
energy with a total tiedown load of 1460 pounds, which is
insufficient to accomplish the degree of restraint required.
The equation utilized to determine the energy level is a form
of the basic theoretical beam energy equation, which is:

1 (23)

[ -~2 El
where M = bending moment

dx = finite beam length
E = modulus of elasticity
I = moment of inertiaiU = strain energy

For plastic analysis with impulsive type loading, the equationis revised to:

M2 dx
U = 1 (24)

* where Et = tangent modulus

Equation (24) is approximate, and its method of application
can be utilized effectively. From past experience, the calcu-
lations pertinent to Equation (24) are reduced to a minimum.
The beam frame cap cross section properties are shcwn in
Figure 90.

The plastic moment is defined by

M = S A h (25)

where M = internal bending moment
S = ultimate stress
A = section area associated with the yield. . stress

moh mnmoment arm associated with the internal bending
, moment M

Assuming two tiedown locations, 40 inches apart, which is
equivalent to a strap wrapped around a package and tied to
these fittings, and a beam length of 90 inches, then the

, total restraint load is:
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Figure 87. Load-Deflection Curve for CH-47 Floor Structure
of ZK6GA-T5 Magnesium Alloy Extrusion.

• LONGITUDINALI * a - -

a. SIDE VIEW OF FLOOR b. SIDE VIEW OF FLO)OR.-b
AND FRAME CAP WITH FRAME TRANSLATING AND.
LONGITUDINAL LOAD ROTATING WITH CARGO,",':

STROKING DURING CRASI4 ''''4

Figure 88. Longitudinal Load Deflection of CH-47 Floor.
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TIEDOWN

Figure 89. Upper Cap of CH-47 Floor Frame Acting as Bending
Member.

-2.25 IN.-- (2.25)3 (0.110) 0.171 IN.
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1 0.180 IN. MATERIAL: 7076-T6 ALUMINUM
ALLOY EXTRUSION

1.50 IN
AXIS FTU = 80,000 PSI

Figure 90. CH-47 Frame Cap Section Properties.

134



p = 2M (26)
25

p = (2) [80,000 (1.125)(.18)(1.125))
25Ip = (2) (18,250); 25

P = 1460 pounds

The energy level s obtained by using the minimum tangent
modulus of 2 x 10 psi and a total effective length of 1.15
times the length between the tiedown loads (40 x 1.15), or 46
inches. This is predi.*cated on the assumption that the beam
is loaded in the plastic range between the load points and the
increase in increment length accounts for the remainder of the
beams acting in an elastic-plastic load range. Consequently,
the energy level is approximately

2nU = (1 250 (46)= 45,000 inch-pounds (27)
(2x106) (.171)

The resultant deflection is 45000/1460, or 31 inches. The
above calculations indicate that a rapid drop in the restraint
load with a large stroke is imminent. However, the floor frame
will translate and rotate, transforming the longitudinal load
from the frame cap in bending to the floor frame as a beam in
bending, utilizing both upper and lower caps (see Figure 88).
Most of the cargo restraint load will be reacted by the floc,
frame beam while a relatively smaller component of this load
will be reacted by the floor along its forward and aft axes.
This is attributed to the fact that the beam will tend to line
up with the cargo strap perpendicular to the floor frame beam's
bending axis.

Very little energy was absorbed by the above-mentioned struc-
ture; therefore, the floor frame will have to absorb the
60,000 inch-pounds of energy. The resultant moment using
Equation (24), assuming two tiedown fittings with effective
length of 46 inches and utilizing the pertinent parametersgiven in Figure 91, is:

M 60,000 (6.2x106 1 (52.57)
(46) 1 653,000 inch-pounds1
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CARGO LOAD

S,,NEUTRAL AXIS
OFi;.: ._ UPPER CAPU--ER--AREA = 0.93 SQ IN.

NEUTRAL AXIS OF BEAM
MOMENT OF INERTIA: 52.57 IN.4

'N':.9.5 IN.IN. MATERIAL: 7075-T6 ALUMINUM

I. ALLOY EXTRUSION

EUALAI '- -4AREA = 0.95 SQ IN.;'" "' NEUTRAL AXIS i -

, OF F = 80,000 PSI
LOWER CAP

Figure 91. CH-47 Floor Frame Cross Section Depicting Upper
and Lower Caps.
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J6
The value of 6.2 x 10 for Et was obtained through trial and
error analysis using the aluminum alloy stress-strain curve
and its tangent-modulus cuike (Reference 42) with the corre-
sponding stress level occurring at 74,000 pounds per square
inch. The total cargo restraint load is (653,000 x 2)/(25),.
or 52,200 pounds, and the restraint deflection is 60,000/52?2QO
or 1.15 inches.

The above data was consolidated and delineated into a g levelI-
deflection curve depicted, in Figuie 92. Also included 'is the
usable load-deflec.ion curve, which was the°'baiis for the
previous analysis, The total .movement of the cargo due to the
floor frame rotation and translation at time of floor attach-
ments failure is not depicted in Figure 92 because a sxall
amount of working energy is realized. 'Howeier,, during this
transition interval, the cargo movement could be substantia;
when compared to the floor frame deflection of 1.15 *inches.
The 42g level attained by the floor frame is substantially
higher than the 139 peak load -defined by the pu1ie cU.ve (see'
Figure 77) used to derive the usable 8g load. This indicates"
that the existing aircraft support sf.ructure 'is relativily "
stiff and imposes reittively high loads on the cargo An& theii,-
restraint devices tyinr cargo to floor fittings. For e4akp2.e
an Army jeep weighing 2660 pounds would require a total ; -
restraint load of J.12,O00 pounds where the preselected ousable

4 8g load would require u, -'nstraint load of 21,300 pounds. 'Th.
floor is inefficiently d,45igned for crash pulse loads because,

the frame material is t1ot atilized to its full plasticity .
characteristics at the. ,:-ned energy level. This iS attrib-
uted to the high load .-. that results when deforiing at '  ,
its yield level. The i r structure, if allowed to deform
without attachment fai'-..e (see Figure 92), will respond .ith
a relatively higher loa. intensity than the floor frames (15g),
which is well above the usable limit.

When c6nsidering the dynamic crash conditions, it ii apparent
that the floor structure and floor frames are ovirstienzgth.
A correlation between normal flight conditions and crash en-
vironments is necessary to effectively design, the supporting
structure.

Lateral Cargo Loads for Isolated Floor

lor lateral or side crash conditions, the floor structuret acts
as a beam 200 inches in length (see Figure 93). For purposes -

of calculation, it is assumed that a 3-inch stroke is requiir ,
which is relative to a usable 7.0gvlevel obtained from the
curve of Figure 78 in the DESIGN CRITERiA' t & Theta
required energy using .a, 1250-pound package is then 26,200,n-
pounds. Using the appropriate stress-strain curve (from Ref-
erence 4) and 'Equation (24), the required structural internal
moment using two floor tiedown locations (see Figure 93)'is:
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175- FLOOR TENSION LEVEL
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Ij

42- h -FLOOR FRAME LOAD LEVEL

S36 -FAILED FLOOR ATTACHMENTS

INDICATES FLOOR LOAD
DEFLECTION LEVELS, ASSUMING
FLOOR ATTACHMENTS
REMAIN INTACT

I USABLE LOAD DEFLECTION LEVEL
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8
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Figure 92. CH-47 Supporting Structure Load-Deflection.

138
4



UPPER CAP
________________________ NEUTRAL AXIS
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200 IN.

Figure 93. Plan View of CH-47 Floor Structure With Lateral
[I Cargo Loads.
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S={ t (28)

M =126,200 (3.5 x 106) 5470) 1/2

1 48 1
M = 3,220,000 inch-pounds

%here U = 26,200 in.-lb

Et = 3.5 x 106 psi
I 4

I = 5470 in.

= 48 in., effective length

The total cargo load 2P is (3,220,000 x 2)/80 or 80,000
pounds.

The corresponding stress level is 35,000 psi, which is about

22 percent below its ultimate stress value of 45,000 psi
(ZK60A-T5 magnesium alloy extrusion). The equivalent g level
load factor is 80,000/1250 or 64, and the beam deflection is
26,300/80,000 or 0.33 inch.

The 64g force level is considerably higher than the usable 7g
intensity which would impose relatively high loads on the
cargo. Any sizable deflection by the existing floor would
transfer the load primarily to the floor frame upper cap as
an axial applied load. This would tend to be a stiffer load
path and would result in an even higher g level, which is
definitively unacceptable when compared to the usable g level
as depicted in the design criteria. In addition, the calcu-
lated 64g level is much higher than the lOg lateral crash
impulsive force, which increases rather than decreases the
magnitude of load to be reacted by the cargo and its tiedown
restraints.

Cargo Loads for Fixed Floor

For packages tied to the floor tiedown fittings in the fixed
portion of the floor area, the crash loads will tend to be
reacted by the floor frame upper cap members which are tied
directly to the floor fittings. For a longitudinal crash
force, the upper cap will tend to bend and transfer the load
to the floor as an axial load which is a stiffer load path.
This is similar to the isolated floor loading described above.
The lateral crash load will be reacted by the floor frame
upper cap as an axial load with a small percentage of the load
carried by the floor. This is attributed to the frame upper
cap being relatively much stiffer when acting as an axial
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member. The g leve~l, if calculated, will be relatively high,
as the foregoing structural floor and floor frame analysis
indicates; therefore, no further Analysis is undertaken.

4.3 SIDE FIRAMS

The sida3 framos are basically sheet metal type structure spaced
about 40 inches along the CH-47 helicopter's longitudinal axis
throughc-4t the cargo cabin area. These frames are constructed
integrally with the floor frames and are attached, to-thefuse-
lage shell. Considering the frame as a detachable structuire
from the fuselage and with a typical frame cross section as
shown in Figure 94, the riaximum energy level for a lateral
crash condition (Figure 15) using Equation (24) is

17.5

U 2 (j.5 d 2 3600 inch-pounds (29)

where 1I effective length of 'Pi in. assum~ed for
elastic-plastic loat11 range

x =1/2 or 17.5 in.

Et 2 x 10 psi (I.Ouest tangent .4odulus)

1 2. 0 io. 4 (moment of inertia of -total section)

p 80,000(0.35) (2.85) -2000 Th totdl rewtraint load
40

This assumes that locally the side frare 3.o titda to ihe cargo
with a single device and acts as a simple baam,4 0 ±nc 6s in
length. The corresponding load deflection i,t*3600/ 600 or 1".80
inches.

From the lateral g level deflection~ curve depicted in the
DESIGN CRITERIA section (see Figure 78), an 9. rg load Zacdtor
corresponds to 1.80 inches of deflection,. Th.is 4zeans thit a.
side frame is capable of restraining a total p,.kkzige weight
of 2000/8.5 or 235 pounds. Using two adjacent fraines ie.
strained to a single package, tlhe total ago wAi4ht of 41704
pounds can be restrained at failure for the predictable laterb~l
crash condition. Tying two or more tiedowind~evicaEs to a,
single frame will undoubtedly increase the energy absorption
capability of the restraint systemi. A miultiple tietdvan system
for proper restraint wil depend on the tiedo~n fitting lo-ca-
tion at the side frame. For example, a side frame tiedown,
fitting near the floor area will add appreciable strdctural
stiffness since the juncture of, floor frame, floor stru~tuir
and side ftraune is near this location. In addition, mulatiple
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Figure 94. Side Frame Cross Section.
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Figure 95. Lateral Crash Event Showing Personnel and Cargo
Tied to Side Frames.
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tiedown restraints will be adversely affected by the restraint
elasticity problems which are associated with the angle the
restraints make with the cargo and with the variant restraint
lengths that result from tiedown fitting locations relative
to the cargo. A detailed discussion on problems associated
with restraint characteristics can be found in Reference 21.
The attachments of the side frame to the fuselage sheli will
contribute added stiffness to the structure, and, in all
probability, will reduce its energy absorption capability and
increase the total load to be imposed on the cargo.

4.4 RESULTS OF ANALYSIS

From the above theoretical analysis, it is concluded that:

1. Tho use of the structural floor, floor frames,
or side frames as the cargo load supporting

]structure with the proposed survivable crash
restraint criteria is not feasible.

2. The current floor tiedown fittings and backup
structure axe very rigidly constructed; con-
sequently, they are not usable as energy
absorbing devices.

3. Existing static design philosophy is not com-
patible with the proposed dynamic crash
criteria.
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5, CANDIDATE CARGO RESTRAINT SYSTEMS

The purpose of this section is to comprehensively develop ,

candidate integral helicopter ,argo restraint methods and
techniques which use the load attenuation concept. To be
considered, the cargo restraint systems must have maximum
practical energy absorbing capability and be responsive to
the requirements set forth in the DESIGN CRIMERTA section.

The candidate reatraint systems are presented in three general
categories:

0 Category I - Provide energy absorption capability for
cargo restraint without aircraft modifi-
cation.

* Category II - Integrate energy absorption capability
into the aircraft atructuxe through the
use of replaceable components.

* Category III - Utilize the inherent properties of the A
aircraft stracture to provide energy
absorption capability.

The structural elements, operational features, and limitations
of the individual cargo restraint systems within these three
categories will be described in this section. Several re-
straint systems were eliminated, after initial consideration
(and will not be further described), kor the following reasons:

1. High friction pacxaging was eliminated due to
its dependence on gravity and its incompatibility
with all flight maneuvers.

2. A vacuum air cushion system involving perforated
plates was rejected because of environmental con-
ditions and dirt.

3. A mechanical load retention system (using "ice"
tongs, for example) was rejected because of
weight and lack of flexibility for a variety
of cargo.

4. Inflatables deployed as crash sensors were
rejected because of expected complications of
deployment mechanisms and sensor development,
particularly since direction of crash would
be unpredictable.
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5.1 CATEGORY I - LOAD ATTENUATION WITHOUT AIRCRAFT
MODIFICATION

Category I systems are those designs that can be integrated or
encapsulated as packaged units into an assem ibly (line replace-
able unit) which can be added t,., existing ejuipinent (straps,
chains, tiedowns) or structure without aircraft modification.
It is recognized that a logistics problem exists with regard
to initial provisioning and later resupply of these systems,
and that they are affected by usage and combat losses. Con-
sequently, their use still depends upon the human element in
the restraint system.

System 1

System I utilizes the Chinook (CH-47) cabin floor with a 20-
inch-square grid pattern consisting of eighty-seven 5K static
capacity and eight 10K static capacity tiedown rings. (See
Figure 96.) Thirty-two MC-l or CGU-lA ratchet buckle strap
assemblies of 5K capacity and eight MB-1 chain assemblies with
a toggle type tension device of 10K capacity are furnished as
GFE flyaway equipment.

The limitations of System 1 are in its static strength charac-
teristics and crash load attenuation capacity, and in its lack
of quick-tiedown and -release capability. In addition, the 5K
capacity straps are excessively long and there are no desig-
nated stowage provisions; consequently, they may be lost or
unavailable at the time they are needed.

The Chinook cargo restraint system was designed in 1958. Al-
though it has no significant inherent capability of absorbing
the crash pulse energy (References 1 and 2), it will be in-
cluded in the evaluation as representative of objective tie-
down practice typical of current aircraft throughout the world.
In this respect, it will be useful as a frame of reference for
the evaluation of systems specifically designed within a re-
quired crash load limitation.

System 2

System 2 consists of load limiting cargo restraints of 5K and
10K capacity, using AAE-developed wire-bending devices. It
also includes the use of the Chinook floor tiedown ring matrix
and Aeroquip multipoint vehicle tiedown assemblies which in-
clude a quick-release feature (Figure 97). The load-limiter
strap assemblies, while quick attaching, do not include quick-
release features. Wire-bending load limiters are of 5K and
10K load limiting level.

The wire-bending concept has been given some laboratory testing
by the manufactirer and USAAVLABS, but has not been given a
field evaluattUn to date.
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By contract direction, System 2 will be the baseline by which
all other systems will be compared.

This system does not provide for stowage of restraint straps
and quick-release assemblies; they are therefore subject
to frequent loss and unavailability and can cause injury to
personnel.

System 3

System 3 (Figure 98) consists of the basic elements of System
2, with the incorporation of quick-release ratchet buckle
assemblies and the addition of throwover nets incorporating
quick-tiedown and -release fasteners. Load-limiters are also
;.ncorporated.

Use of the AAE-developed load attenuating straps and incorpora-
tion of a quick-release feature at one end would greatly-
improve the cargo release phase of cargo handling during
current combat operations. Reducing time to release cargo in
a combat landing zone also reduces exposure to enemy fire, and
should psychologically induce the crew chief or cargo master
to use equipment &vailable for proper cargo tiedown.

The use of throwover nets with load attenuating quick-release
straps would control small-sized, lightweight (Class A) cargo,
thereby controlling potentially lethal objects in the event
of emergency or crash landings.

As an alternate development, a dual-purpose seat webbing/cargo
net should be evaluated. This dual-purpose net (as shown in
the illustration) would always be available in the aircraft,
would incorporate load attenuation, and would reduce the
equipment storage problems that now exist.

Since efficiency requires using the load-limiter net for Class
A cargo and the load-limiting straps for Class B cargo, one
limitation of this system would be the possibility of incorrect
use for either type cargo.

qvstem 4

.em 4 (Figure 99) consists of System 1 plus the use of
.- 2.-.limiting barriers, with provisions for quick tiedown and

re.ease, and storage for the barriers.

Commercial cargo-type barrier nets incorporating load attenu-
ating mechanisms at structure attaching points are employed
to restrain cargo in the event of a crash. The net would be
erected or stowed in a manner similar to commercial cargo
aircraft. Vehicles and cargo would be compartmented or
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separated from passengers and would be specifically restrained
for flight loads only.

System 5

Inflatable load attenuators (combining Systems 2 and 4) sup-
plemented with nets and barriers form System 5.

System 5, as shown in Figure 100, uses barrier nets, throw-
over nets, and load attenuating inflatable bags to fill the

4 voids between nets and cargo and/or vehicles, thereby preload-
ing the restraint. The cargo and vehicles are quickly loaded,
and deflated bags are blown up to eliminate any looseness
between cargo and nets or vehicle and nets. Pressure regu-
lating bleed valves regulate the inflation pressure and also
control cushioning of cargo and people in the event of a hard
landing or crash.
The use of inflatables to isolate or separate cargo has greatly

reduced costs in railroad and truck shipping, thereby greatly
decreasing rigid bracing requirements during shipping.

Inflatables, ?s described in this concept, are expected to be
quite popular and should find many additional uses. It is
conceivable that maintaining a supply aboard the aircraft for
continued availability and cargo handling could be difficult.
Advantages are expected to be low cost and expendability.
(Ncndisposable inflatables are also ;.vailable, but at approxi-
mately 10 times the cost.)

System 6

System 6 uses the standard U.S. Army 40- x 48-inch wooden
pallet and barrier nets with quick loading roller assemblies,
as shown in Figure 101.

For this study it is assumed that the system would use a roller
conveyor system on the aircraft floor and ramp, with commercial
type barrier nets incorporating load attenuating devices. The
roller assemblies would incorporate a pallet locking device
to restrain the pallet in all directions. The Army wooden
pallet would be supplemented by a pallet adapter which would
permit the pallet to be locked to the roller conveyors and
then to the cabin floor. Cargo would be secured to the pallets
with throwover nets capable of restraining flight loads, while
the barrier nets would confine the cargo in the event of a
crash. Again, the barrier nets woiuld be easily and quickly
rigged or stowed.
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5.2 CATEGORY II - LOAD ATTENUATORS INCORPORATED IN AIRCRAFT

The second group cf concepts would substitute built-in load

attenuation devices for existing tiedown fittings, and may
contain self-storing features for the restraint devices.
Category II integrates the majority of the Category I concepts
into the airframe structure as a replaceable component (i.e.,
replacement of a tiedown fitting with a stroking energy-
absorbing packaged device which incorporates a tiedown
capability).

System 7

This concept would substitute a load attenuating device for
existing tiedown rings. These energy absorbing devices would
be supplemented by strap assemblies incorporating quick-release
and ratchet takeup features for general cargo tiedown. For
vehicle tiedown, 10K multiple attachment quick-release assem-
blies would supplement the tiedown configuration. Figure 102
illustrates System 7.

System 8

System 8 is an integral self-storing, quick-tiedown and -release
strap concept, as shown in Figure 103. Again, with minimum
rework, the existing tiedown fittings are replaced with a
unitized assembly which integrates a packaged energy absorbing
device, combined with a locking reel and an automatic tension-
ing feature, capable of self-storage of the cargo tiedown
.stzaq. The strap would terminate with a quick-release hook
asembly for multiple-purpose cargo tiedown, to secure miscel-
aneous cargo and cargo nets or to restrain vehicles.

System 9

System 9 is basically System 7 supplemented with self-stowing
sidewall nets and a multilocation barrier (see Figure 104).
In addition to the equipment described in System 7, System 9
uses self-storing cargo nets featuring a quick-release capabil-
ity for securing cargo for flight loads. The nets are self-
storing under existing troop seat .ocations and can be joined
together to suit variable length loads.

To provide passenger and crew protection in the event of a
crash, the cabin would be compartmented with the use of energy
absorbing barrier nets which would be quickly stowable, similar
to those described in previous systems.

An alternate concept which could be integrated into the system
is the interconnection of the tiedown fittings with attenuating
cable, thereby effectively increasing load atternuating capacity
when needed, as shown in Figure 105.
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10K QUICK-RELEASE 10K CAPACITY LOW ELASTIC

~ IASSEMBLY (AEROQUIP) STRAP ASSEMBLY WITH
QUICK-RELEASE RATCHET

TIEDOWN DEVICE

INTEGRATED TIEDOWNS
AND LOAD LIMITERS

5K LOAD LIMITERS (SYSTEM 7)
OR

7.5K LOAD LIMITERS (SYSTEM 7a)

Figure 102. System 7 -CH-47 Restraintc System Incorpor-
ating Integrated Under-the-Floor Load Limiters.
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5.3 CATEGORY III - ENERGY ABSORBING AIRFRAME STRUCTURE
* The third category of concepts being considered includes those

using airframe structural deformation under crash loads to re-
strain cargo in a controlled manner. Short stroke cargo load
attenuators are used to retain the load while the primary
structural deforniation absorbs the major portion of the crash
pulse energy. These concepts can be adapted in varying degrees
to existing helicopters and future aircraft designs.
To a great extent, this approach will reduce onboard stowage

: .., of loose tiedown equipment of the types now. in general use.

EDesign features that would inadvertently load the airframe in
a noncrash situation should be avoided, as they cause hidden
or costly damage to the airframe. A typical example would be
where a truck is driven off before all the tiedowns are dis-
connected, thus putting a substantial shock load on one or
two remaining tiedown links and initiating the planned energy

". Iabsorbing action of the associated airframe element. This
could result in major aircraft damage and subsequent costly
repair, or even a major accident if undetected. Therefore,
fail-safe features are required.

In contrast', a built-in load liLmiting device, if stroked in
this manner, could simply be replaced or reset.

Both Category II ard III designs would reduce the logistics
resupply problems, and, additionally, reduce the human element
associated with logistics and proper cargo restraint.

The complexity of these designs would require considerable
anal2tical work and possible computer study. In addition, the-
complexity of soie ofi the concepts may require a test of fuse-
lage sections, wherein a loat would be secured in a specific
manner and drop tested for determining the response of the'
aircraft structure to tle load.

System 10

System 10 utilizes existing tiedown fittings secured to the
floor frames wi':h tension Xod. The flor frames have, ener;y
absorbing inserts of honeycom material, compatible with the
flight design shear loads, but which, in. the event of. a crash,
would be ,apable of bqing crused as the tiedown fitting is
pulled 'from the floor (as shown in Figure 106).

System 11

This design concept uses additional structural members attached
to the relatively softer parts of the fuselage structure between
frames. Structural deformation is induced during crash impact
of cargo against the barrier nets attaching to these additional
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structural members. Analysis of this type of structural
modification will undoubtedly require a computer study. In
this concept, similar soft attachments would be required in
the floor design.

Net storage would be similar to that shown in previous concepts.
The barrier nets would contain rings at various locations to
permit the attachment of a variety of vehicles, packages, or
palletized loads. Figure 107 illustrates the System 11
concept.

System 12

System 12 (Figure 108) utilizes a dual-sided frame construc-
tion with an entrained member (stroking unit) sandwiched be-
tween them. This energy absorbing frame assembly has multiple
attachment points for the load. The 'frame' side plates sur-
round a center member incorporating a bulb-like section which,
under load, pulls inward, causing distortion of the two outer
sidewalls of the frame. These frames would be integrated with
the sidewalls and overhead area, and would flex or bend as an
assembly in the direction of the load.

System 13

System 13 (Figure 109) uses the subfloor structures for load
attenuation. This system includes channel sections attaching
to the floor frames. The channels envelop (or clip over)
the floor beam extruded tee sections and cause bending of the
beam tee as a function of the floor upward displacement; or
they bow when the tiedown fittings yield, or when a fused
section fails.

System 14

System 14 uses inflatable dunnage bags integrated into the
overhead structure. As required, portions of the system would
be inflated to restrain various mixed cargo loads, as shown
in Figure 110. An automatic push-button inflation system
could be utilized to inflate the bags, after positioning of
cargo or vehicles.

By reversing the system operation, the air from the bags could
be exhausted, and the bags could be retracted into their
respective storage areas. Where necessary, the bags would be
supplemented with }'rrier nets to reinforce them aild/or provide
a barrier betueen i.argo and passengers. This concept will
require sme design study and development tests before an
operational system can be perfected.
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TYPICA FRAME AFTER DEFORMTION
CONSTRUCTION

Figure 108. System 12 - Dual-Sided Frame Construction with
Entrained Member (Stroking Unit) Sandwiched Between
Frame.16
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FLOOR DEFLECTION UNDER
CRASH LOAD

CHANNEL AND TEE
DEFORMATION

FUSED SECTION FAILURE

WITH LOW BREAKOLT FORCE

Figure 109. System 13 -Subfloor Structures for Load

At ten uat ion.
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6. SYSTEM ANALYSIS AND SELECTION

!1 This section contains an analysis of the candidate cargo
restraint systems and energy absorbers (previously defined in

I, Section 5) according to the pertinent qualitative factors pred-
icated on the basic design objectives described in Section 3.
This analysis will result in the selection of a feasible cargo
restraint system to be further subjected to a quantitativ"
trade-off study with existing restraint methods. The trade-off
methodology is developed and utilized in Section 7.

Boeing's continuing close association with the U.S. Army and
the environmental problems it has experienced in the use of
the CH-47 in Vietnam has borne out the importance of qualita-
tive factors in a cargo restraint system. Pertinent findings

I are documented in Section 2.1, SECURING INTERNAL LOADS, and
in Appendix I, DESCRIPTION OF INTERNAL CARGO HANDLING IN VIETSA.|
The findings of a Boeing engineering review team, sent to RV'
for a review of Chinook operations, further reinforced the
cverbearing nature of the qualitative factors, as well as the
need for "simple" solutions to the cargo restraint problem.
Comments by the Vietnam survey team on internal cargo restraint
and safety are documented in Appendix V.

From this backgzound, the qualitative factors will play a major
part in the consideration and selection of the cargo restraint
system to be selected for the trade-off study.1 6.1 QUALITATIVE FACTORS

The nine design objectives defined in Section 3 are presented
below to describe their qualitative aspects in a more detailed
manner.

The qualitative factors are presented in order of importance,
with the survivability objective given the highest priority,
folloded by crashworthiness ',nd redundancy. These latter
objectives are considered 3qual value because thuy are
characteristics of the system integrity necessary to provide
high survivability levels. Consequently, for the restraint
system to function properly, the queiities of crashworthiness
and redundancy must have congruity,

A. Survivability
A restraint eystem shall possess the capability ot restraining
a i'ece of crgo to a g level associated with the 90th jercen-
tile level of survivability. It shall also be capable of
retaining the cargo in all directions (forward, aft, lateral
and verticai'
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B. Crashworthiness

Crashworthiness, as defined here, assumes a crash in any air-
craft attitude. The restraint system must then retain cargo
through both primary and secondary impacts.

Various degrees of crashworthiness may exist; for example:

. Cargo breaks free; restraint system not functioning.
2. Damage to system raises g level but system continues

to function.
3. Syste-j i2 di1l-nrt~d with only mild g level change;

system functions satisfactorily.
4. No system damage, system functions satisfactorily.

C. Redundancy

Assuming a crash in any direction, the cargo restraint system
having redundancy shall not lose restrairt effectivene3s by
virtue of rupture of any of its ccmponents. This shall apply
to primary and secondary crashes, or skewed loada.

D. Safety

Safety is considered the next ranked item although in weighting
it is considered of equal importance to minimum tiedown and
rapid rigging because these items are tremendously important
in the combat environment.

Each if the systems considered shall have the following
characteristics:

1. The system shall in no way interfere with flight
safety involved in normal takeoff, flight, or
landing.

2. The systsm shall not impede egress on landing or
loading (ccnsidering the standard system as a baseline
of egress capability).

3. The system shall in no way permit shifting of cargo
position with changinq aircraft attitude (in any
direction).

4. Use of the system shall not encourage laxity or
omission due to" hastily applied restraints or
apparent false security.

5. Cargo displacement from primary or secondary impulses
shall not cause injury while restraining the cargo.

6. The system shall be fail-safe and no ]oose parts shall
strike occupants of the aircraft.

7. The system shall provide some warning of either
improper installation or inadvertent actuation.
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E. Minimum Tiedown

This objective relates to the interface between the individual

piece of cargo and the restraint system with respect to the
anticipated dynamic loading conditions. The folloing condi-
tions may be considered applicanle:

1. No restraint provided.
2. Light restraint for flight loads only.
3. Restraint for a combination of flight and crash

loads (use of barrier for forward or aft crash
loads).

4. Tiedowns combined to provide partial restraint in
all directions.

5. Individual restraint to provide for maximum crash
loads in all directions.

F. Rapid Rigging

Rapid rigging is defined as the timp to lash-up and release
the individual cargo item. Te zyzcem shall in no way defeat
the purpose of encouraging early release prior to landing
(for crew acceptance). It shall also provide for the needs of I'
a hostile environment by being equally compatible to the CONUS
or combat situations. The functional restraint operation ON
consists of the following components (Reference 10):

1. Position to restrain'%
2. Attach the restraint
3. Tension to restraint
4. Lock the restraint

If quick-release equipment is mployed, the functions of Irelease of tk e cargo, whil executed in reverse, need not
necessarily be followed. In this case only one operation
is needed (devices are stowed after cargo is unloaded).

The time required to rectrain cargo will depend upon whether: I
i. The cargo ts restrained man;ally at individual ti*-

down points with single straps lehains are excluded). '.

2 Double straps or grouped tiedowns are used. "0
3. Manual tensioning of the tiedown is used.

* 4. Semiautomatic or ganged lash-up tensioning and
release is used.

5. Comple .ly automatic lash-up tensioning and release
is used.

Flexibiiity of the system to adapt to the widest variety of ,
cargo is required. Under this term the various degrees of

kacceptability are as follows:
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1. Class A cargo orly
2. Class B cargo only

3. Both Class A and B cargo
4. Other cargo

Human engineering shall include a minimum learning time for
ease of handling of each system.

G. Stw.diness

Sturdiness is defined as the ability to handle abuses inherent
in the cargo handling environment and is closely related to the
basic ruggedneas and reliability requirement of airborne equip-
ment (at a minimum weight).

This is to be evaluated by the following characteristics:

1. Loss of function and availability due to damage by
cargo movement, dropping of hardware, or abrasion.

2. Environmental degradation resulting in high mainte-
nance time or parts replacements.

3. Loss of partial functioning due to environmental
incompatibilities such as corrosion, temperature
change, or rotting.

4. Continued function in the environment for long periods
of time (passive, nonfunctioning equipment).

H. Integral Systems

The simplicity and function of an integral restraint system may
vary as follows:

1. No energy absorption capacity
2. Add-on energy absorbing device (EAD)
3. Single function EAD, replaceable unit
4. Multifunction EAD, replaceable unit
5. Airframe component, dual function

Little or no maintenance shall be required. Stowability and
maximum availability are requirements.

I

I. System Adaptability

Each system will vary in its adaptability in accordance with the
following:

1. Retrofittability

a. Add on EAD with no installation
b. Install EAD without change
c. Install EAD with minor modification
d. Install EAD with major modification
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e, Modify airfram,. component for EAD function
f. Redesign airframe for BAD function

2. New Desin "

a. Incorpora t e BAD package
b. Design aircraft component to serve EAD function

3. Mission Flexibility

a. Degrade payload by increasing empty weight or
decreasing cabin size

b. Remove for special missions

4. Producibility

5. Cost

6.2 CARGO RESTRAINT SYSTEMS ANALYSIS

A detailed analysis of each system, with descriptions and
comments on suitability to the nine design objectives, follows.
The qualitative factors previously described are used in
evaluating the candidate cargo restraint systems. For con-
venience, a brief description of each of the systems is repeated
in its analysis.

Category I Systems 1 through 6, using add-on restraint devices,
have been excluded from further development because they
involve additional equipment and are subject to the same
environmental disadvantages as the existing tiedown devices;
mainly, the possibilities of being lost in the field or ., *

damaged by vehicles, and the requirement for stowage when not
in use. Exceptions to this are: first, components common to
Categories I, II, or III, such as quick-release devices -and
nets; and second, Systems 1 (standard) and 2 (experimental)
which are evaluated as baseline systems for the trade-off study.

SYSTEM 1 (CATEGORY I)

System 1 (Figure 96) presently built into the Chinook cabin
floor, is a tiedown ring matrix in a 20-inch-square grid 'pattern.
Within this matrix there are eighty-seven 5K capacity tiedown
rings in five rows along the cabin floor. In the outermost
rows (buttline 44) there are elhit 10K tiedo.-m ringc dijtrib-
uted along the length of the cabin. Cargo restraint is
furnished by the GFE flyaway equipment, including MC-l or,
CGU-I/A ratchet buckle assemblies. There are 32 of. these 5K
units. Eight 10K MB-I chain assemblies, with toggle- 4ype
tensioning devices for use at the higher capacity tiedown
rings, are also provided.
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i. includes rapid tensioning tiedown devices (quick--
relea -- rability is not part of the GFE equipment). Like all
systems in t: -te:ice today, the combination ct floor fittings
and tiedown stral. -nsrenses little dynamic strength capability;
nevertheless, System ± __ "'nsidered a baseline for the com-
parison of new systems.

Technical manuals are the fundamental sou. - inform.Ation on
number of tiedowiis and restraint time for vario . ic s of
Army cargo. Both of these factors are representative of today's
tiedown practice, whether in administrative or combat use.

SYSTEM 2

System 2 consists of add-on load limiters (5K and 10K capacity)
of the wire-bending type developed by AAE. These devices are
used with a Dacron webbing strap (low extensible material),
tensioning devices, and hook fittingr. They are used in con-
junction with the Chinook floor tiedown ring matrix and (in the
case of vehicles) an Aeroquip multipoint vehicle tiedown assembly
bridle which includes a quick-release feature.* However, indi-
vidual straps do not include the quick-release featuras.

System 2, as shown in Figure 97, will be one of the two base-
line systems used for reference in the trade-off methodology.

A. Survivability

Wire pull devices are, by design, capable of providing
90th percenLile survivability; also, they function in all
directions since they are in line with the straps.

B. Crashworthiness

In herms of aircraft distortion, these assemblies are
unaffected by a crash. Fittings should not rupture unless
load in the strap system has peaked severely.

C. Redundancy

Redundancy is not provided in this system since each unit
acts independently and there are no multiple load paths.

*Although the bridle has multiple-attachment and quick-release
advantages, it also has limitations: Wl-n ased for combined
directional loading, the strap load capacities in a given
direction are rapidly degraded as a function of their angular
direction of load restraint. Since the objecu.ve of the study
was to evaluate different dynamic restraint systems, the bridle,
although usable, was not applied in the trade-off study in
Section 7.
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No advantage can be taken of structural deformation except
as it may influence reduction of the impact level at the
carg4o floor. Redundancy (in a system using this equipment)
is a function of the number of tiedowns used to the mini-
mum r 'mber required.

D. Safefy

Safety impairment is minimum. The limited information on
field trials cf these assemblies indicates handling to be
cumbersome, which (in terms of safety) tends to discourage
their usage.

E. Minimum Tiedown

These units could meet tne minimum tiedown requirements
of the technical manuals for each vehicle with the 5K
and 10K capacities. However, intermingling of 5K and 10K
units is partly ineffective in that the units do not act
in unison, and overloading of the 5K capacity strap
assemblies could result.

F. Ra_ _dRiging

These units would be somewhat slower to use in tiedowns
sin.e they are reported to be cumbersome in handling.

* The load limiter is adjacent to and much larger than the ,
tiedown hook when compared with a plain (MC-1) strap assem-
bly. There are advantages in that the same assemblies can
be used for all types of cargo and they include tensioning
buckles. Te system also includes the quick-release bridle
for vehicles.

G. Sturdiness

Units of this nature would be subject to severe wear and
tear in the existing operating environment. (Damage in-
curred during testing of these units in Vietnam is shown
in Figures it1, 112, and l13.) They would also suffer J
from being driven over by vehicles.

H. Integral Installation

Reliance for crash survivability on units that are not
attached to the aircrpft results in their loss and possible
replacement with plain btraps from which the same resultsny not bc expected. The lack of proper stowability may
result in these items beouming lethal missiles when not
in use (as shown in Appendix I).
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I. Adaptability

A system of this nature is the most highly retrofittable
since it is added to the aircraft equipment inventory
without aircraft modification (except for stowage). Pro-
ducibility of the units would be good and also econom-
ical. Mission flexibility would be good inasmuch as they
may be stripped from the aircraft when not required.

SYSTEN 3

System 3 (FigurG 98) consists of the basic elements of System
2 with the incorporation of quick-release ratchet buckle assem-
blies and the addition of throwover nets incorporating quick-'
tiedown and -release fasteners. These nets would be used for
palletized or loose cargo and the AAE load.attenuating strap
assemblies.

Systems 3 through 6 will not be included in the evaluation
referred to above. Components (such as net assemblies in
System 2) will be evaluated in the grou;p where they are
incorporated.

SYSTEM 4

System 4 (Figure 99) consists of the basic strap and floor
matrix without load attenuation, plus the use of load-limitin :
barriers with provisions for quick tiedown and release, and'stowage. ,

A system of this nature can be considered more specialized for
crew protection and the movement of much carg6 on a routine
basis (with no passengers or troops except for the flight crew). -'

This is primarily due to the compartmentalization which results

in reduced access (and safety) when egress is impeded. In
this configuration, it also may be considered most useful in - '

the fore and aft restraint direction, with less load attenuat-
ing capability in the lateral sense (or under conditions of
secondary impact, rollover, etc.).

The typical barrier net stowage, shown at various locations
(fixed or movable)i provides considerable flexibility in attach-
ment or in placement for so large a device. However, when
stowed, such a unit would reduce the present clearance (dipen-
sion between side frames) and would reduce the present 6-1/2;.-
foot x 7-1/2-foot cabin envelope. It would also be subject to
considerable damage from close-fitting vehicles, whether placed
on the side or overhead.

While these barriers do not now exist, they are in the initii
stages of procurement by the Air Force.
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SYSTEM 5

System 5 . shown in Figure 100, is another special installation
which depends on inflatables as load attenuators, while basic
restraint of cargo against flight loads is by means of barriers
and/or nets for loose cargo.

This compartmentalized version of a cargo restraint system has
advantages where tiedowns are limited or eliminated, and where
cargo is merely placed between portable bulkheads which con-
sist of the barriers aDd inflated dunnage bags surrounding the
cargo to hold it in position.

the use of equipment like this has little flexibility for an
air vehicle which must maintain high flexibility for a variety
of operating circumstances. It should also be noted that the
dunnage bags provift a tremendously large target, and as such
are highly susceptible to catching small-arms fire. This re-
duces their usefulness and makes pressure control (in the event
of a crash) impossible to predict.

SYSTEM 6

System 6 (Figure 101) is another special case to provide for
handling of large volumes of U.S. Army 40- x 48-inch wooden
pallets. This system is basically advantageous for prepalletized
cargo in which a portable pallet adapter would permit quick
security of the pallet in the aircraft after being netted (to
the pallet) in a prepared area. A crash restraint would beprovided by compartmentalization using barriers. A system of
this nature may be more useful in supply missions, where strict

routine may be followed in delivery to a division base and
where the logistical supply of the pallet adapter would be noproblem. Of course, the features of this system would not behelpful when the cargo was prepalletized.

SYSTEM 7 (CATEGORY II)

The System 7 concept (Figure 102) provides load-limiting devices
as a discrete package insta3led below the floor and connected .o
the ekisting tiedown rings. These energy absorbers would be
supplemented by a low-elastic tiedown strap assembly of corre-
sponding capacity incorporating quick-rel.ase and ratchet takeup
features. These straps would be used for tiedown of both Class
A and B cargo. Use of a high-capacity, low-elastic webbing
material is necessary to insure a minimum strap deflection
during stroking of-the load limiter device. The system would
also incorporate a multiple attachment quick-release bridle.
(See the footnote about the bridle in System 2.) The load
limiters would be line replaceable units.
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A. Survivability

Using an energy absorption device such as a ball-tube
unit with the tiedown ring connected to a cable, 90-
percent survivability could be achievable in all load
directions.

B. Crashworthiness

Independent attachment of the energy absorption device to
the floor minimizes damage and detachment during the crash
and permits full availability of the device.

C. Redundancy

Redundancy in the system will be relat-d to the number of
tiedowns used. Peak overloads could cause yielding in
cable, frame cap, and floor rail.

D. Safety

it This is the simplest of systems, with only strap assem-
blies being used, or, coming in contact with the man and
the environment. Egress Rhould be better than that pro-
vided by the existing (baseline) system in terms of the
reduced number of straps used to retain the loads. Center-
of-gravity shift with this system should not be ccomn,
although it may be a problem in restraining normal articles
on palletized loads, unless some prepalletizing is
provided. Units of this type (under the floor) should
give ample failure warning by protruding if the unit has
been stroked inadvertently.

E. Minimum Tiedowns

The number of tiedowns required will dapend on the
capacity of the load limit,.r.

F. Rapid Rigging

All cargo may bG tied down rapidly, with the exception of
the bulk cargo which must be wrapped with tiedown straps
to be properly secured (or secured with nets designed for
the system).

G. Sturdiness

System 7 would be low in weignt and would require min-
imum maintenance. The enezgy absorption units are pro-
tected from environment, personnel mishandling, cargo
movement, and all other environmental factors (except for
exposure to variation in moisture and local aircraft
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vibration). Straps and other release devices are in the
cabin and are readily subje-t to inspection and replace-ment, as necessary.

H. Integral Installation

While energy absorption is accomplished with a special
unit serving only that function, it is incorporated in
the airframe as a structural component and is a line-
replacEable unit if damaged.

I. Adaptablity

As integral items, load limiters may be used on a retro-
fittible or new design basis; however, they add to the
empty weight of the aircraft when built in.

SYSTEM 8

System 8 is an integral, self-stowing tiedown and release strap
concept as shown in Figure 103. The existing tiedown fittings
are replaced with an assembly which includes an energy absorber,
a locking reel, and an automatic tensioning feature with self-
stowing capability of the tiedown strap.

A. Survivability

More tiedowns may be necessary with this system to achieve
90-percent survivability, if incorporaticn of the take-up
reel tensioning device requires a reduction in the load
limiter stroke due to space limitations. Full pulse cap-
ability is assumed, however.

B. Crashworthiness

If they are fastened to the floor frames, load limiter
units may either break loose or become reoriented in a
crash involving damage to the floor fiames. This may
fail to develop full load, or may jam the straps.

C. Redundancy

Some loss of tiedown in the crushed area is expected,
although adequate redundancy should be retained. Peak
overloads could result in yielding of cable, frame cap,
floor, end frame web.

D. Safety

Loose cargo may result if the inertia reel malfunctions.
Unlocking of the reel may result front impact or rebound.
If cargo were to move slowly, under flight load or change
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in aircraft attitude, loss of tensioning may result as
the cable slowly unreels. This unit wou.d not be fail-
safe unless a positive lock were incorpo"ated. No egress
problems a-e anticipated. Warning of unit stroking may
be somewh.t masked as a result of the tape take-up reel
capability.

E. Minimum Tiedown

If design stroke is shortened as a result of available
clearance, more than the minimum number of tiedowns willbe needed for 90-percent g level in all directions.

F. Rapid Rigging

Good hookup and release performance is expected since

G. Sturdiness

System weight would be a function of the number of tie-
downs which incorporate the individual units, rGels, and
self-reeling strap, as compared to a system in rhich one
strap may be used at several alternate locations. Normal
usage may result in seal damage and strap wear damage
where it enters the seal, due to dirt and other foreign
items. The take-up reel and locking mechanism may also
require maintenance. If any hang-up occurs in the in-
dividual unit, additional hookup time would be required
since another nearby assembly and strap must be selected
for the cargo. Restraint strap reliability could be
degraded from wear, as a result of reeling the unit in
and out.

H. Integral Installation

This system would provide a good integral installation,
with stowage provided for straps, and would provide max-
imum availability except for maintenance of functioning
parts. (This assembly is not a completely passive device; :
repair of worn items would require floor removal.)

I. Adaptability -A,

A retrofit installation would require rework in the areas

of the floor, pan, and fitting, in addition to the floor
frame. In the new design, the beam tiedown may be elimi-
nated by an alternate installation scheme.
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II
SYSTEM 9

System 9 consists of the energy-absorption units of System 7,
supplemented with self-stowing sidewall nets and multilocation
crash barriers (see Figure 104). The self-stowing cargo nets
would include quick-release capability and reel-up features.
Bar-iers would be used when using caigo nets or straps; tiedown
is limited to securing the cargo for flight loads only. This
also provides a means of compartmentalizing passenger and
cargo areas.

A. Survivability

The basic survivability provided by this system would be
by incorporation of load limiters, rather than by the
inclusion of nets or barriers. An exception would be
the use of a net for loose cargo (either palletized or
unpllitized). Use of nets to provide restraint, through
the incorporation of load limiters into a net assembly,
could be very complex and would require considerable
development. In use of barriers, the load limiters
should be oriented in the direction of loads or should
be cable actuated. This -eans the use of low extensible
material to shorten the troke of the barrier, which is
characteristically a long stroke unit. Ninetieth per-
centile survivability would be feasible for fore and aft
directions. However, a lateral condition would require a
separate barrier since units installed for fore and aft
loads would be of little value for highly skewed or side
loads.

Tiedown of cargo *or flight loads results in load break-
away, higher peak decelerations, and the need to absorb
the kinetic energy of the free cargo. Restraint in all
directions could not be achieved unless a piece of cargo
were surrounded by barriers and structure. This system
is best for forward and aft directions.

B. Crashworthiness

Localized loads may develop either from loads skewed into
a barrier or fracture of a flight load tiedown. Secondary
impact damage could result within the cabin, thereby
reducing ultimate survivability. This seems much less
desirable than continually restraining cargo and carrying
the load down to rest from the initial impact.

C. Redundancy

Side crashes may change orientation of attachment and re-
sult in increased barrier stroke. If minimum or flight
load restraints are used, no redundancy would be considered
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